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ABSTRACT 

We describe observed properties of the Type lax class of supernovae (SNe lax), consisting of SNe 
observationally similar to its prototypical member, SN 2002cx. The class currently has 25 members, 
and we present optical photometry and/or optical spectroscopy for most of them. SNe lax are spec- 
troscopically similar to SNe la, but have lower maximum-light velocities (2000 J; |w| < 8000 kms"^), 
typically lower peak magnitudes (—14.2 > My^pcak ^ —18.9 mag), and most have hot photospheres. 
Relative to SNe la, SNe lax have low luminosities for their light-curve shape. There is a correlation 
between luminosity and light-curve shape, similar to that of SNe la, but offset from that of SNe la and 
with larger scatter. Despite a host-galaxy morphology distribution that is highly skewed to late-type 
galaxies without any SNe lax discovered in elliptical galaxies, there are several indications that the 
progenitor stars are white dwarfs (WDs): evidence of C/0 burning in their maximum-light spectra, 
low (typically ^^0.5 M©) ejecta masses, strong Fe lines in their late-time spectra, a lack of X-ray 
detections, and deep limits on massive stars and star formation at the SN sites. However, two SNe lax 
show strong He lines in their spectra. The progenitor system and explosion model that best fits all of 
the data is a binary system of a C/0 WD that accretes matter from a He star and has a deflagration. 
At least some of the time, this explosion will not disrupt the WD. The small number of SNe in this 
class prohibit a detailed analysis of the homogeneity and heterogeneity of the entire class. We estimate 
that in a given volume there are Sllj^g SNe lax for every 100 SNe la, and for every 1 Mq of iron 
generated by SNe la at z = 0, SNe lax generate '^0.036 Mq. Being the largest class of peculiar SNe, 
thousands of SNe lax will be discovered by LSST. Future detailed observations of SNe lax should 
further our understanding of both their progenitor systems and explosions as well as those of SNe la. 
Subject headings: supernovae: general — supernovae: individual (SN 1991bj, SN 1999ax, SN 2002bp, 
SN 2002CX, SN 2003gq, SN 2004cs, SN 2004gw, SN 2005P, SN 2005cc, SN 2005hk, 
SN 2006hn, SN 2007J, SN 2007ie, SN 2007qd, SN 2008A, SN 2008ae, SN 2008ge, 
SN 2008ha, SN 2009J, SN 2009ku, SN 2010ae, SN 2010el, SN 2011ay, SN 2011ce, 
SN 2012Z) 
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Most thermonuclear supernovae are spectroscopically 
defined as Type la. These supernovae (SNe) lack hydro- 
gen and helium in their spectra (except perhaps from 
circumstellar interaction), and most have strong lines 
from intermediate mass ele ments (IMEs) in t heir near- 
maximum-light spectra (see iFilippenkol 119971 for a re- 
view of SN classification). The bulk of observational di- 
versity within this group can be described by a single 
parameter that relates peak luminosity with lig ht-curve 
shape (a width-lumi nosity relation or WLR; iPhillipsI 
119931). intrinsic colo r (jRiess et al.lll996D . and ^^Ni mass 
(jMazzali et al.l[2007t ). However, there is additional diver- 
sity related to ejecta velocity (e.g.. iBenetti et al.. .2005t 
iFolev fc Kas"a3 120T1I : iGaneshahngam et al.l l20Tl . The 
ability to collapse the observational diversity of this class 
to one or two parameters suggests that most SNe la 
have similar progenitor stars (although not necessarily 
progenitor systems, as some SN la o bservables correlate 
with their progenitor environment; iFolev et al.l l2012bf ) 
and explosion mechanisms. There are also examples of 
particular thermonu clear SNe that do not follow this pa- 
rameterizat i on (e.g ., 'Li et al."2001a!; 'HoweU et all 120061: 
IFolev et al.l l2010bl : Gancshalingam et al. 20ll), which 
may be the result of these SNe having different progen- 
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itors and/or explosion mechanisms than most SNe la, 
rather than being extreme examples of the normal SN la 
progenitor system and explosion mechanism. 

Almost all thermonuclear SNe that are outliers to the 
trends defined by SNe la are part of a single, relatively 
large class. Members of this class, previousl y labeled 
"SN 2002cx-like" after the prototypical object (jLi et al.l 
|2003() . have peak magnitudes >1 mag below that of nor- 
mal SNe la, spectra that show low-velocity ejecta, and 
maximum-light spectra that typically resemble those of 
the high-luminosity SN la 1991T (blue continua and ab- 
sorption from higher-ionization species consistent with a 
hot photosphere). Studying thermonuclear outliers can 
both help determine what progenitors and explosions 
mechanisms do not produce normal SNe la and constrain 
various models by examining the extremes of the popu- 
lation. 

In addition to the properties mentioned above, the 
SN 2002cx-like class has several observational proper- 
ties that distinguish it from that of normal SNe la: 
low l uminosity for its light-curve shape (e.g., iLi et al.l 
l200 3f) , no observed se cond m aximum in the near- infrared 
(NIR) bands (e.g., ILi et a l. 2003), late-ti me spectra 
dominated by narrow permitted Fe II lines (jJha et al.l 
l2006t iSahu et al.ll2008D. but can occa sionally have strong 
[Fe II] emi ssion (iFolev et aLl l2010cD. strong m ixing of 
the ejecta pha et al.ll2006t iPhillips et al.ll2007D . and a 
host-galaxy morphology distribution highly skewed to 
late-type galaxies, and no member of this class has 
been discovered in an elliptical galaxy (jFolev et al.ll2009l : 
iValenti et aI]|2009D . Additionally, some members of the 
class, su ch as SN 2007J, d isplay strong He I lines in their 
spectra (jFolev et al.ll2009f ). 

Because of these physical distinctions as well as others 
discussed in this paper, we designate this class of objects 
"Type lax supernovae" or SNe lax. This designation 
indicates the observational and physical similarities to 
SNe la, but also emphasizes the physical differences be- 
tween SNe lax and normal SNe la (e.g., SNe lax are not 
simply a subclass of SNe la) and will hopefully reduce 
confusion within the literature. 

Several of the extreme characteristics of some members 
of this class, including low kinetic energy and significant 
mixing in the ejecta, may be consis tent with a full de- 
flagration of a wh ite dwarf (WD) (jBranch et al.l 120041: 
IPhillips et al.l[2007l ). rather than a deflagration that tran- 
sitions into a de tonation as expected for normal SNe la 
(|Khokhlovl '1991*). Because of their low velocities, which 
eases line identification and helps probe the defiagra- 
tion process, which is essential to all SN la explosions, 
this class is particularly useful for understanding typical 
SN la explosions. 

An extre m e member of this class, SN 2008ha 
(IFolev et al.l [2009L IValenti et all [20091 : iFolev et al.l 
I2010al) . was much fainter (peaking at My = —14.2 mag) 
and had a significantly lower velocity (|d I ss 2000 kms"-'^) 
than the typical member. Although its maximum-light 
spec trum indica tes that the object underwent C/0 burn- 
ing (jFolev et al... 2010a) . certain obser vations are consis- 
tent with a massive-star progenitor ( Folev et all 120091 : 
IValenti et aP 120091 : iMoriva et al.l 120101 ). Nonetheless, a 
massive-st ar progenitor is in consistent with other ob- 
servables (jFolev et al.l l2010a[ ). SN 2008ha generated 



- 10 '^ Mm of j^^Ni a nd ejected ~ 0.3 Mg of mate- 
rial (jFolev et al.ll2010a|) . suggesting that the most plau- 
sible explanation was a failed defiagration of a WD 
(jFolev et aLll2Ml l20T0ah . 

Furthermore, another member of this class, SN 2008ge, 
was hosted in an SO galaxy with no signs of star for- 
mation or massive stars, including at the SN position 
in pre-explosion H ubble Space Telescope (HST) images 
(jFolev et al.ll2010d) . SN 2008ge most likely had a WD 
progenitor. SN 2008ha had an inferred ejecta mass of 
~O.3M0, which is less than the total mass of any WD 
expected to explode as a SN. If SN 2008ha had a WD 
progenitor, then its progenitor star was no t completely 
disrupted du ring the explosion (jFolevI l2008t IFolev et all 
l2009ll2010ari . 

Although there have been a num ber of papers 
on individual members of this class (ILi et al.' 20031 
Branch et all l2004t iChornock et all 120061: iJha et al 



2006': Phil lips et alIl2007tlSahu et all 120081: IFolev et al 



2010alld: IValenti et al l 120091: iMaund et al 



iMcClelland et al.l l2010f iNaravan et al. I 120111: 



Kromer et al.ll2012l ). a holistic view of the entire class 
has not yet been published. Here we present new 
data for several SNe and examine the properties of all 
known members of the class, totaling 25 SNe, with the 
intention of further understanding the relations between 
observational properties of the class, their progenitor 
systems, and their explosions. 

The manuscript is structured in the following way. Sec- 
tion 121 outlines the criteria for membership in the class 
and details the members of the class. We present previ- 
ously published and new observations of the SNe in Sec- 
tion |3l We describe the photometric and spectroscopic 
properties of the class in Sections |4| and |5l respectively. 
In Section in we provide estimates of the relative rate of 
SNe lax to normal SNe la and the Fe production from 
SNe lax. We summarize the observations and constrain 
possible progenitor systems in SectionjTl and we conclude 
in Section |8l UT dates are used throughout the paper. 

2. MEMBERS OF THE CLASS 

SNe have histo rically been classified spectroscopically 
(jMinkowskilll94l[ ). with the presence or absence of par- 
ticular spectral features being the fundamental distinc- 
tion between various classes. Occasionally, photometric 
properties are used to subclassify various classes (e.g., 
SNe IIL and IIP). Recently, the underlying diversity of 
SNe combined with the recent surge in discoveries has 
blurred clear lines in SN classification. 

Observational classification has several advantages 
over "theoretical" classification. Observational classifi- 
cation is purely empirical, which has previously linked 
physically unrelated objects. For instance, SNe I used 
to be a single class. Even with these potential mistakes, 
this kind of classification has been exceedingly useful for 
determining the physical underpinnings of stellar explo- 
sions. On the other hand, ascribing particular theoreti- 
cal models to perform classification indicates a "correct" 
model and can hinder further advancements. Here we at- 
tempt to provide an observational classification scheme 
for the SN lax class. 

The primary motivation of this classification scheme is 
to include all SNe physically similar to SN 2002cx with- 
out including those with significantly different progen- 
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Fig. 1. — Spectra of SNe lax, from lowest to highest ejecta 
velocity (SNe 2009J, 2005cc, and 2008A, respec tively), in com- 
parison with the hig h-luminosity SN la 1999aa IILi et al.|[200Tbl : 
IGaravini et al.l 120041) . The black spectra are unaltered. The red 
spectra are smoothed using a Gaussian filter of 300, 900, and 
1800 kms-i for SNe 2009J, 2005cc, and 2008A, respectively. The 
blue spectra are the smoothed spectra after being blueshifted 
by 3000, 3000, and 6000 kms-\ respectively. The smoothed, 
blueshifted SN 2009J spectrum is visually similar to the unaltered 
SN 2005cc spectrum; the smoothed, blueshifted SN 2005cc spec- 
trum is visually similar to the unaltered SN 2008A spectrum; and 
the smoothed, blueshifted SN 2008A spectrum is visually similar 
to the unaltered SN 1999aa spectrum. 



itors or explosion mechanisms; however, further refine- 
ments may be necessary in the future. We exclusively 
use observational properties of the SNe to provide the 
classification. 

As noted above, SNe lax are somewhat spectroscopi- 
cally similar to the high-luminosity SN la 1991T. Fig- 
ure [1] shows the near-maximum-brightness spectra of 
three SNe lax. These SNe have ejecta velocities which 
range from = 2200 to 6900 kms~^. By artifi- 
cially smoothing the spectra (|Blondin fc Tonrvl[2007 ') to 
broaden the spectral features and also blueshifting the 
spectra, one can produce spectra that are similar to what 
one would expect if the SN simply had a higher ejecta 
velocity. Doing this exercise, one can see the contin- 
uum from SN 2009 J (with \v\ ^ 2200 kms^^) through 
SN 2005CC (with = 5200 kms^^) to SN 2008A (with 
|v| = 6900 kms~^). All SNe lax seem to have similar 
composition with varying ejecta velocity. SNe lax also 
appear to be similar to h igh-lum inosity SNe la, such as 
SN1991T and SN 1999aa (|Li et al . 2001b: iGaravini et al.l 
l2004f ). near maximum brightness after accounting for 
ejecta velocity. Since the individual narrow lines in 
SNe lax are the same lines seen as blends in SNe la, 
identifying features in SNe lax helps with interpreting 
SN la spectra. 



To be a member of the SN lax class, we require 
(1) no evidence of hydrogen in any spectrum, (2) a 
maximum-brightness photospheric velocity lower than 
that of any normal SN la at maximum brightness 
{\v\ < 8000 kms~^), (3) if near-maximum light curves 
are available, an absolute magnitude that is low for a 
normal SN la given its light-curve shape (i.e., falling 
below the WLR for SNe la). By the first criterion, we 
exclude all SNe II and any SN that obviously has a 
hydrogen envelope. The second criterion will exclude all 
"normal" SNe la, lb, and Ic, including high-luminosity 
and low-luminosit y SNe la similar to SN 1991T 
(jFilippenko et al.l Il992bl: iPhillips et al.l I1992D and 



^N_1991bg (|Filippenko et al.l Il992al: iLeibundgut et al.l 
I1993D. respectively, as well as the unique SN 2000cx 
(iLi et al. 2001a), S Ne similar to SN 2006bt (|Folev et al.l 
I2010bf l. SN 2010X (Kasliwal et al. 2010), and ultralumi- 
nous SNe I (e.g.. iPastorello et al. 2010.; iQuimbv et al.l 
[20T1 IChomiuk et al.l I2011D . No known core-collapse 
SN passes these first two criteria. The third crite- 
rion excludes all "super-Chandrasekhar" SNe la (e.g., 
iHowell et aLll2006f ). which can have low ejecta velocities, 
but have high peak luminosities. 

A final criterion is that the spectra need to be simi- 
lar to those of SN 2002cx at comparable epochs. This 
last criterion is somewhat subjective, yet necessary. It 
is also a primary criterion, as the first two criteria listed 
above naturally result from spectral similarity. We note 
that this criterion is no more subjective than the one 
used to distinguish between SNe la and Ic. However, 
exclusively using the previously listed criteria for clas- 
sification would include specific SNe that do not ap- 
pear to be physica lly related to SN 2002cx. For in- 
stance, SN 2005E (jPerets et al.l 120101 ) lacks hydrogen, 
has a low ejecta velocity, and a low luminosity for its 
light-curve shape, but is clearly spectroscopically dif- 
ferent from SN 2002cx at all epochs. SNe 2005E and 
2008ha have somewhat similar spectra at ^2 months af- 
ter maximum brightness. Both have strong [Ca II] and 
Ca II emission, but there are several signifi cant diff'er- 
ences including SN 2008ha lacking [O I] ( Foley et al.l 
l2009f l. Significant differences in the host-galaxy mor- 
phologies for SNe similar to SNe 2002cx and 2005E fur- 
ther suggest that these SNe have significantly differ- 
ent p rogenitor system s (iFolev et al.l 2009: Percts et al.l 
'2010). SN e 2002es (|G aneshalingam_eLaL| |20I2[ ) and 
PTF 09dav (|Sullivan et a l. 2011, which fails our first cri- 
terion) have low luminosity and low velocities, but also 
have significantly cooler spectra (lacking Fe III and hav- 
ing strong Ti II features) than SN 2002cx near maximum 
brightness. Although SN 2002es and PTF 09dav may be 
physically related to the SN 2002cx-like class in the same 
way that SN 1991bg is similar t o the hotter, more com- 
mon "Branch-normal SNe la" ([Branch et al.l [19931 ) . we 
do not currently link these SNe to SNe lax. The progen- 
itor environments of the SN 2002es and PTF 09dav are 
also suggestive of older progenitor systems: SN 2002es 
was host ed in an SO galax y, a fairly unusual host for a 
SN lax ([Folev et al.l[200l . and PTF 09dav was found 
'^40 kpc from its host, which may indicate a particu- 
larly old progenitor system, unlike what is inferred for 
the majority of SNe l ax. We also exclude SN 2002bj 
([Poznanski et al.ll201 0D. which is somewhat spectroscop- 
ically similar to SN 2002cx, but also different in several 
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ways. Its light curve was extremely fast (Amis > 4 mag), 
yet it was still fairly luminous at peak {M « — 18 mag). 
We consider there to be too many significant differences 
to include SN 2002bj in the class. A list of our criteria 
and how various SN classes and particular objects pass 
or fail the criteria is presented in Table [T] 

When applying the criteria to our sample, we note that 
three of the four criteria can be determined from a sin- 
gle spectrum near maximum light. We also note that 
there are no SNe that are spectroscopically similar to 
SN 2002cx, and also have luminosities equal to or larger 
than SNe la with the same light-curve shape. There- 
fore, a single near-maximum-light spectrum appears to 
be sufficient for classification. However, because of the 
spectral similarities with other SNe la (except for the 
lower ejecta velocities; see Figure [T|), SNe lax are easily 
mistaken as normal SNe la in initial classifications. In 
particular, spectral clas sification software such as SNID 
([Blondin fc Tonrvll2007[) can easily misclassify a SN lax 
as a SN 1991T-like SN la if one does not know the redshift 
of the SN or does not restrict the redshift to be the host- 
galaxy redshift. Misclassification was even more com- 
mon before the recognition of SN 2002cx as being distinct 
from SNe la and before a substantial set of examples was 
assembled. We therefore do not believe that our sample 
is complete, and it could be significantly incomplete (es- 
pecially for SNe discovered before 2002). However, the 
CfA and Berkeley Supernova la Program (BSNIP) spec- 
tral samples have b een searc hed for m isclassificd SNe lax 
(jBlondin et al.\\2UT2: Sil verman et al.lt2012 ). with BSNIP 
identifying one new SN lax. When determining member- 
ship in the class, we first examine our own and published 
data to match the criteria described above. For some 
objects, we use data from lAU Circulars and The As- 
tronomer's Telegrams. There is no definitively identified 
SN lax for which we do not have access to previously 
published data or our own data published here. 

There are currently 25 known SNe Ia>F^. Fifteen 
of these SNe wer e considered members of the class by 
IFolev et all (l2009l) . Since that publication, 6 additional 
members have been discovered and 4 previously known 
SNe have been identified as members. The sample size 
is considerable; the original Type I/II SN classification 
and the definition of the SN IIP/IIL, SN Iln, SN lib, and 
broad-lined SN Ic classes were all performed with signifi- 
cantly fewer members of each class. A list of the members 
and some of their basic properties are in Table [21 

Below we pres ent details f o r the SNe. For additional 
information, see iFolev et al.l (|2009[ ). references therein, 
and the references listed for each SN below. 




4000 5000 6000 ^ 7000 8000 

Rest Wavelength (A) 



Fig. 2.— Spectra of SN 1999ax (black) and SN 2002cx (red). 
Both spectra have been divided by a fifth-order polynomial to re- 
move the poor fiux calibration of the SN 1999ax spectrum and to 
make an appropriate comparison. The rest-frame phase relative to 
V maximum is marked for SN 2002cx. 



SN 1991bj as a possible SN lax. IFolev et al.l (|2009D used 
a Lick spectrum obtained by A. V. Filippenko to classify 
SN 1991bj as a SN lax. 

2.2. SN 1999ax 

SN 1999ax was discovered by the Wise Observa- 
tory Optical Transient Search fWOOTS: [Gal- Yam et all 
I2008f) in t he field of Abell 1852, which has a redshift 
z = 0.181 (IGal-Yam fc Maozl[l999l) . Spectra of the SN 
suggested that SN 1999ax was a SN la at z w 0.05 
(Gal- Yam et al. 200^. A spectrum was also presented by 
IGal-Yam et al. (2008), where they used template match- 
ing to find z 0.051EI 

However, an SDSS spectrum revealed that its host 
galaxy, SPSS J140358 .27-H55101.2, is at z = 0.023 
(jAbazaiian et al.ll2009[ ). We obtained the spectrum of 
SN 1999ax from 6 April 1999[I!| but its flux calibration 
does not appear to be correct. To make a comparison to 
other SNe, we divided the flux by a fifth-order polyno- 
mial and compared the resulting spectrum to other SN 
spectra that were similarly modified. Using the SDSS 
redshift and correcting the flux, it is clear that SN 1999ax 
is similar to SN 2002cx (see Figure [2]). 

This is the first time that SN 1999ax has been consid- 
ered a member of the SN lax class. 



2.1. SN 1991b] 

SN 1991bj is the oldest known member of the class, 
although it has on ly recently been identified as a member 
(jFolev et al.ll2009[ ). It was originally class ifi ed as a SN la 
by two separate teams (jPollas et al.lll992[ ). iGomez et alj 
(|1996D presented a spectrum of SN 1991b j and noted its 
low ejecta velocity. IStanishev et al.l (|2007D first identified 



2.3. SN 2002bp 

SN 2002bp was discovere d by the Puckett Observator y 
Supernova Search (POSS; Puckett fc Langous sis '2002^. 
but remained unclassified for several years. Finally, while 
analyzing the large B SNIP sample of SN la spectra, 
[Silverman et al.l (|2012[ ) determined that SN 2002bp was 
similar to SN 2008ha, another member of this class. 



In the final stages of the preparation of this manuscript, 
LSQ12fhs, SN 2006ct, and PSl-12bwh were identified as poten- 
tial SNe lax. At the time of public ation, we had not verified the 
classi fications ICopin et al.l20f2 : IQ!Uunt)v et al.l2012l : IWright et aTl 
[20Ta . 



IGal-Yam et al.l II2008I ) also note that their spectrum of 
SN 1999ax is "somewhat peculiar," but do not expand further since 
it was not the focus of their study. 

Spectra arc available at 
http: //www.physto . se /^^ snova/pr i vat e/near-z/ spectres copy /reduced, data/ , 
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TABLE 1 

Classification Criteria for SNe Iax 



SN Class 


Has Hydrogen? 


\v\ < 8000 kms-i? 


Low L for LC Shape 


Spec, like SN 2002cx 


oiN lax 


IN 


Y 


v 

X 


Y 


CM TT 


Y 


Some 


In / A 


IN 


SN Ib/c 


N 


N 


Y 


N 


SLSN I 


N 


Y 


N 


N 


Normal SN la 


N 


N 


N 


N 


Super-Chandra 


N 


Y 


N 


N 


SN 1991T 


N 


N 


N 


Somewhat 


SN 1991bg 


N 


N 


N 


N 


SN 2000CX 


N 


N 


Y 


N 


SN 2002bj 


N 


Y 


N 


Somewhat 


SN 2002CS 


N 


Y 


Y 


Somewhat 


SN 2002ic 


Y 


N 


N 


N 


SN 2005E 


N 


Y 


Y 


N 


SN 2006bt 


N 


N 


Y 


N 


SN 2010X 


N 


N 


Y 


N 


PTF 09dav 


Y 


Y 


Y 


Somewhat 



TABLE 2 
Properties of SNe Iax 



SN 


R.A. 


Dec. 


Refs. 






Ami5(y) 


^pcak 


He? 


Name 


(J2000) 


(J2000) 




(JD - 2,450,000) 


(mag) 


(mag) 


( kms"-^) 




1991bj 


03:41:30.47 


-04:39:49.5 


1,2,3 




< -15.4 






N 


1999ax 


14:03:57.92 


+15:51:09.2 


4,5 




< -16.4 






N 


2002bp 


11:19:18.20 


+20:48:23.1 


6 




^ -16.1 






N 


2002CX 


13:13:49.72 


+06:57:31.9 


7,8,9 


2418.31 


-17.63 


0.84 


-5600 


N 


2003gq 


22:53:20.68 


+32:07:57.6 


9,10 


2852.56 


-17.29 


0.98 


-5200 


N 


2004cs 


17:50:14.38 


+14:16:59.5 


4,11 


-3185 


16.2 


~1.4 




Y 


2004gw 


05:08:48.41 


+62:26:20.7 


1,12,13 




< -16.4 






N 


2005P 


14:06:34.01 


-05:27:42.6 


4,9,14 




^ -15.3 






N 


2005CC 


13:57:04.85 


+41:50:41.8 


15,16 


3522.10 


-16.48 


0.97 


-5000 


N 


2005hk 


00:27:50.89 


-01:11:53.3 


17,18,19 


3689.81 


-18.37 


0.92 


-4500 


N 


2006hn 


11:07:18.67 


+76:41:49.8 


1,20,21 


>3895.0 


< -17.7 






N 


2007J 


02:18:51.70 


+33:43:43.3 


1,4,22,23 


4075.7-4114.3 


^ -15.4 






Y 


2007ie 


22:17:36.69 


+00:36:48.0 


25,26 


<4348.5 


~ -18.2 






N 


2007qd 


02:09:33.56 


-01:00:02.2 


24 


4353.9-4404.4 








N 


2008A 


01:38:17.38 


+35:22:13.7 


16,27,28,29 


4483.61 


-18.46 


0.82 


-6400 


N 


2008ae 


09:56:03.20 


+10:29:58.8 


4,27,30,31 


4513.52 


-17.67 


0.94 


-6100 


N 


2008ge 


04:08:24.68 


-47:53:47.4 


14 


4725.77 


-17.60 


0.34 




N 


2008ha 


23:34:52.69 


+18:13:35.4 


1,32,33 


4785.24 


-14.19 


1.22 


-3200 


N 


2009J 


05:55:21.13 


-76:55:20.8 


4,34 


>4836.6 


< -16.6 




-2200 


N 


2009ku 


03:29:53.23 


-28:05:12.2 


35,36 




-18.94 


0.38 




N 


2010ae 


07:15:54.65 


-57:20:36.9 


4,37 


>5244.6 


< -14.9 






N 


2010el 


04:19:58.83 


-54:56:38.5 


38 


>5350.6 


< -14.8 






N 


2011ay 


07:02:34.06 


+50:35:25.0 


4,39 


5651.81 


-18.40 


0.75 


-5600 


N 


2011ce 


18:55:35.84 


-53:43:29.1 


4,40 


5658-5668 


-17.8 - -18.9 


0.4 - 1.3 




N 


2012Z 


03:22:05.35 


-15:23:15.6 


4,41 


>5955.7 


< -16.8 






N 
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2.4. SN 2002CX 

SN 2002cx was the first SN in this class recognized as 
being, pecuHar and is its namesake. iWood-Vasev et all 
(HOOZ) discovered SN 2002cx on 12 May 2002. Basic 
observational information derived from near-ma ximum 
data were originally presented by iLi et alj (120031). The 
photo metric data were re-evaluated bv iPhillips et al 



( 2007 ). Late-time sp e ctra w ere presented bv iJha et al 



2006 ). [Branch et al.l ()2004[ ) performed a detailed spec- 



tral analysis of its maximum-light spectra. 

2.5. SN 2003gq 

SN 2003gq wa s indcpcndenthf discovered 

(jGraham et al'l I200I iP^kctt ct aj] [20031 ) by the 
Lick Observatory Superno va Search (LOSS; ILi et alJ 
[2000t iFihppenko et al.ll200lD and BOSS. It w as originally 
classified as a SN la bv iFilippenko et al.l (120031) and 
was later revised as a SN lax (I Filippenko fc Chornockl 
i2003i) . As part of the LOSS photometric follow-up effort, 
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Fig. 3.— Spectra of SN 2004cs (black) and SN 2007J (red). The 
approximate rest-frame phase relative to V maximum is marked 
for SN 2004CS. 

filtered ph otometry of SN 2003gq was o bt ained and pre- 
sented by IGaneshalingam et al.l ()201CI| ). IBlondin et al.l 
(|2012f) presented a spectrum of SN 2003gq. 

2.6. SN 2004CS 

ILi et al.l (I2 00I discovered SN 2004cs as part of LOSS. 
IRaiala eta l. (2005) presented its spectrum and classified 
it as a SN lib, identifying both Ha and strong He I fea- 
tures. We obtained this spectrum (via D. Leonard), and 
show a comparison of SNe 2004cs and 2007 J in Figure [31 
Both SNe are very similar, and SN 2004cs clearly has 
He I features. However, we do not identify Ha in the 
spectrum; there are clear residuals from galaxy subtrac- 
tion at the position of Ha, but the peak of the feature is 
also blueward of Ha. SN 2007J was identified as a mem- 
ber o f the SN lax class, but showed He I lines (Folev et al.l 
I2009D . SN 2004cs demonstrates that there is more than 
one member of this class that exhibits He in its spectrum. 

This is the first time that SN 2004cs has been consid- 
ered a SN lax. In Section FS.ll we present a previously un- 
published unfiltered light curve obtained with the robotic 
0.76 m Katzman Auto matic Imaging Telescope (KAIT; 
iFilippenko et al.ll2001|) at Lick Observatory. 

2.7. SN 2004gw 

SN 2004gw was discovered b y POSS on 29 December 
2004 (IPuckett fc Ireland! [200l . IGal-YamI ([2005) origi- 
nally classified it as a SN I with some indications that 
it was of Type Ic. iFolev fc Filippenkol (|2005D suggested 
that it was a SN la which "exhibits a number of spec- 
tral peculiarities." Filippcnko & Foley (2005) later con- 
firmed that it was of Type l a. Finally, with th e aid of 
a larger comparison sample, iFolev et all ()2009[ ) showed 
that SN 2004gw was a SN lax. 

2.8. SN 2005P 

SN 2005P was disc overed by LOSS on 21 January 2005 
(|Burket fc Lill2005bl ). Visual inspection of unpublished 
data taken on 22 January 2005 by Schmidt & Salvo 
(private communication) indicates that it is a SN lax. 
The SN remained unclassified in the literature for over 



a year. Based on a late-ti me spectrum , iJha et al.l (|2OO60 
classified it as a SN lax. IFolev et al.l (|2010d) later sug- 
gested that SN 2005P was spectroscopically most similar 
to SN 2008ge having a late-time spectrum with relatively 
broad lines and relatively strong forbidden Fe lines. We 
present a previously unpublished KAIT unfiltered light 
curve in Section 13.11 

2.9. SN 2005CC 

SN 2005CC was dis covered by POSS on 19 May 2005 
(jPuckett et al.|[2005t ). Several spectra i ndicated that it 
was a young SN similar to SN 2002cx ([Antilogus et al.l 
I2005D . As a part of the LOSS photometric follow-up 
effort, filtered ph otometry of SN 2005 c c was obtained 
and presented by IGaneshalingam et a l.' (2010*). Spec tra 
of SN 2005CC were presented by IBlondin et al.l ()2012D . 

2.10. SN 2005hk 

SN 2005hk, w hich was independe ntly discovered 
by both LOSS (IBurket fc Lil l2005ah and SDSS-H 
(li3arentine et al.ll2005D , is the best-obse rved SN lax. 
iPhillips et al.l (|2007t ) and lSahu et al.l ()2008[) presented ex- 
tensive data near maximum brightness. iKrom er et al.l 
([2012) presented NI R spectra and lat e-time phot ometry 
of SN 2005hk, while ISahu eTaLj (pQOl ) and Valcnt i et al. 
((2009) pub hshed late-time spe ctra. [Chornock et al. 
(2006) and IMaund et al.l H201Clf ) showed spectropolari- 
mctric observations indicating that SN 2005hk had low 
polarization near maximum brightness. Latc-time spec- 
troscopy and HST photometry will be presented by Mc- 
CuUy et al. (in preparation). 

2.11. SN 2006hn 

POSS discovered SN 2006hn on 2 8 Septe mber 2006 
(jSehgal et al.l [20061) . IFolev et al.l ([20M) classified 
SN 2006hn as a SN la, and IFolev et'aLl ()2009[ ) noted that 
it was a SN lax. Photometry of S N 2006hn was publis hed 
as part of the Cf A3 data release ([Hicken et al.ll2009() . 

2.12. SN 2007J 

SN 2007J, which was in dependently discovered by both 
LOSS and POSS (|Lee e t al. 2007), was the first known 
member of the SN lax class to display He I lines. Ini- 
tially, these lines were weak, a nd SN 2007J appeared t o 
be very similar to SN 2002cx (jFilippenko et al.l l2007al) : 
ho wever, the He I lines becam e stronger with time, caus- 
ing [FHiEDinkoIiFanj^OOT^U^ SN 2007J as 
a peculiar SN lb. IFolev et al.l (|2009D re-examined the 
spectra, showing that besides the He I lines, SN 2007 J is 
indeed very similar to SN 2002cx. We therefore consider 
SN 2007J to be a peculiar SN lax. We present previously 
unpublished KAIT filtered and unfiltered light curves in 
Section [O] 

2.13. SN 2007ie 

SN 2007ie was discovered by SDSS-II (jBassett et all 
12007b ). who also classified it as a probable SN la. 
lOstman et al.l (|2011D presented a spectrum of SN 2007ie 
and indicated that it was a probable SN lax. They noted 
the low velocity and spectral similarities to SNe 2002cx 
and 2005hk, but allowed the possibility that it was a 
normal SN la. However, restricting the redshift of the 
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Fig. 4. — Spectra of SN 2007ie (black; galaxy subtracted) and 
SN 2002cx (red). The rest-frame phase relative to V maximum is 
marked for SN 2002cx. 

comparison spectra to that of SN 2007ie, only SNe lax 
provide reasonable matches. Additionally, the peak mag- 
nitude is M w -18.2 mag, similar to that of SN 2002cx, 
although the peak of the light curve was not covered in 
their photometry. Figure 0] shows the galaxy-subtracted 
spectrum of SN 2007ie compared to SN 2002cx. We con- 
sider SN 2007ie to be a clear member of the SN lax class. 

2.14. SN 2007qd 

SN 2007qd was discovered by SDSS-II (jBassett et alj 
[2007ah . It is a relatively faint SN lax with ejecta 
velocity between those of SNe 2002cx a nd 2 008ha 
(|McClelland et alllMol) . IMcClelland eTall (poTol ) used 
observations of SNe 2002cx, 2005hk, 2007qd, and 2008ha 
to argue that there was a relationship between ejecta 
velocity and p eak a bsolute magnitude for SNe lax. 
iNaravan et~all (|2011[ ) showed that SN 2009ku was a 
prominent outlier to this trend. 

2.15. SN 2008A 

SN 2008A was d iscovered on 2 January 2008 by 
Nakano et alJ (12008 ). It was classified as a SN lax by 



Blondin fc Berlindl (|2008t ). As a part of the LOSS photo- 



metric follow-up effort, filtered ph otometry of SN 2008A 
was obtained and presented by iGaneshalinga m et alJ 
dlOlO). Photometry of SN 200 8A was al so published as 
part of the CfA4 data release (|Hicken et al. 2012 ). The 
SN w as observed photometrically by Swift] (, Milne et al.l 
I2010D found that SNe lax have very blue UV colors rela- 
tive to normal SNe la. Spectroscopy and late-time HST 
photometr y will be pres e nted b y McCuUy et al. (in prepa- 
ration). Blondin et al.l (|2012l ) presented several spectra 
of SN 2008A. 

2.16. SN 2008ae 

POSS discovered S N 2008ae on 9 Fe bruary 2008 
(|Sostero et al.l l2008l ). iBlondin fc Calkins! (|2008) clas- 
sified it as a SN lax, and they further note that 
SN 2008ae is relatively luminous (M < —17.7 mag) 
a few days before maximum brightness. Optical and 
UV photometry of SN 2008ae was also published as 



part of the CfA4 data release (iHicken et al.ll2012f) an d 
the Swift phot ometry compi l ation ( Milne et al.l |2010|) . 
respectively. IBlondin et al.l (|2012D presented several 
spectra of SN 2008ae. We present previously unpub- 
lished KAIT and Carnegie Supernova Project (CSP) 
light curves in Section I5H 

2.17. SN 2008ge 

SN 2008ge was ver y nearby and brig ht. It was dis- 
covered by CHASE (Pignat a et al.|[2008[) well past max- 
imum brightness, but CHASE had several pre-discovery 
images from which a light curve could be generated. Its 
host galaxy, NGC 1527, is an SO galaxy with no signs of 
star formation to deep limits (< 7.2 x 10"'^ Mq yr~^; 
iFolev et al.ll2010cD . It was also imaged by HST before 
SN 2008ge occurred, and analysis showed that there were 
no massive stars near the SN s ite or any indicatio n of star 
formation in the host galaxy (jFolev et al.ll2010"3 ). 

SN 2008ge had a relatively broad light curve and (un- 
hke SNe 2002cx and 2005hk) strong [Fc 11] emission lines 
in its late-time spectra (Foley et al. 2010c). The lack of 
massive stars near the SN site, the strict limit on the star- 
formation rate, and the presumabl y large generated ^^ Ni 
mass all suggest a WD progenitor (jFolev et al.ll2010"3 ). 

2.18. SN 2008ha 

SN 2008ha is an extreme SN lax, being less luminous 
than any other member and having l ower ejecta veloc- 
ity than most members o f the class (jFolev et al.l 120091 
I2010al: IValenti et alj [2001 . It was discovered by POSS 
(|Puckett et al.ll2008D . 

Several studies have b een devoted to S N 2008ha 
(jFolev et al.l l200l l2010al: IValenti et aLll2009t) . and de- 
tails of the SN are presented in those works. Notably, the 
total inferred ejecta mass is significantly below the Chan- 
drasekhar mass. Althou gh SN 2008ha may have had a 
massive-star progenitor (jFolev et al.ll2009t IValenti et al.l 
i2009j), carbon/oxygen burning products in its maximum- 
light spectrum, and the energy /ejecta mass balancing 
necessary to create a low- velocity, low-l uminosity SN like 
SN 200 8ha make that scenario unlikely (jFolev et al.ll2009l 
I2010al) . 

2.19. SN 2009J 

CHASE discovere d SN 2009J on 13 January 2009 
(jPignata et al.l |2009() . Follow-up spect roscopy revealed 
that it was a SN lax (IStritzineeii 120091) . SN 2009 J is a 
particularly low-velocity SN, similar to, but even lower 
velocity than SN 2008ha (Figure |S|). We present pre- 
viously unpublished CSP and CHASE light curves in 
Sect ion l3Tl and previously unpublished spectra in Sec- 
tion [221 

2.20. SN 2009ku 

SN 2009ku w as disc overed by Paii - STAR RSl (PSl; 
iRest et al.ll2009[ ). and INaravan et al.l (j201lD presented 
detailed observations. SN 20(]9ku is a relatively luminous 
SN lax (Afv^pcak ~ —18.4 mag), but had ejecta veloc- 
ity comparable to that of the extremely low-luminosity 
SN 2008ha. This showed that , cont rary to what was 
presented by IMcClelland et al.l (j2010D , velocity and lu- 
mino sity are not st rongly correlated for all SNe lax 
(iNaravan et al.ll2011f) . 
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Fig. 5.— Spectra of SN 2009J (black) and SN 2008ha (red). The 
rest-frame phase relative to V maximum is marked for both SNe. 
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Fig. 7.— Spectra of SN 2011ay (black) and SN 2008A (red). The 
rest-frame phase relative to V maximum is marked for both SNe. 
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Fig. 6.— Spectra of SN 2010ae (black) and SN 2008ha (red). 
Although the continua have different shapes, the spectral features 
are similar. The rest-frame phase relative to V maximum is marked 
for SN 2008ha. 



2.21. SN 2010ae 

SN 2010ae w as discovered on 23 February 2010 in 
ESQ 1 62-G017 (IPienata et al.ll20Tol) . IStritzineer eFall 
(|2010aD originally classified it as a peculiar SN la 
similar to the possible "super- Chandrasekhar" 
SN 20 06KZ ('Hicken et aLl 120071 ). Using additional data, 
iStritzi ngor ct al. (2010lJ determined that SN 2010ac 
was most similar to SN 2008ha. In Figure [Bl we 
present a spectr u m at a n epoch similar to those from 
IStritzineer et al.l (|2010bl ) that shows this similarity to 
SN 2008ha (although with a slightly different continuum 
shape). A full analysis of SN 2010ae will be presented 
by Stritzinger et al. (in prep.). 

2.22. SN 2010el 

SN2010cl was discov ered on 1 9 June 2010 in NGC 1566 
(|Monard .201Q1 . .Bessell et al.l (|201O) determined that 



SN 2010el was spectroscopically similar to SN 2008ha. 
A full analysis of SN 2010el will be presented by Valenti 
et al. (in prep.). 



2.23. SN 201 lay 

SN 201 lay was discovered on 18 March 2011 i n 
NGC 2314 as pa rt of LOSS (IBlanchard et al.l l20Tll) . 
IPogge et al.l (|2011D classified SN 2011ay as a SN la sim- 
ilar to the high-lum inosity SN 1999aa (ILi et al l 120011 ; 
IGaravini etaLll2004[) . However. [Silverman et al.l (|2011a ) 
later classified SN 201 lay as a SN lax. Spectra of 
SNe 2011ay and 2008A are shown in Figure[7l SN 2011ay 
is clearly a SN lax. We present previously unpublished 
CfA light curves in Section 13.1! and previously unpub 
lished spectra in Section 



2.24. SN 2011ce 

SN 201 I ce was discovered on 26 March 2011 in 
NGC 6708 (|Maza et al.l 120 111) , ahhough it was not an- 
nounced until about a month later. There was a nonde- 
tection on 4 Marc h 2011. Soon after th e announcement, 
on 24 April 2011, lAnderson fc Morrelll (|201lD classified 
SN 20 lice as a SN lax with a phase of about 20 days 
after maximum brightness. 

We present a previously unpublished, unfiltered 
CHASE light curve in Section [XIl Using the light 
curve of SN 2005hk, and allowing for a range of light- 
curve stretches, we find that SN 2011ce likely peaked 
between 7 and 17 April 2011 with a peak unfiltered 
magnitude of —17.6 to —18.7 (corresponding roughly to 
— 17.8 > My > —18.3 mag). We obtained optical spec- 
tra on 24 April 2011 and on 20 April 2012, more than a 
year after discovery. The spectra are 47/409 and 37/360 
rest-frame days after the last nondetection and the first 
detection, respectively, and ~42 and 371 rest-frame days 
after maximum brightness, respectively. 

A comparison of our SN 201 Ice spectra and those of 
SN 2002CX is shown in Figure [i SN 2011ce is clearly a 
SN lax, at early times being similar to SN 2002cx, and 
at late times displaying low-velocity P-Cygni profiles of 
Fe as well as strong [Ca II] and Ca II emission lines. 
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Fig. 8.— Spectra of SN 2011ce (black) and SN 2002cx (red). The 
approximate rest-frame phase relative to V maximum is marked for 
all spectra. 
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Fig. 9.— Spectra of SN 2012Z (black) and SN 2002cx (red). The 
rest-frame phase relative to V maximum is marked for both SNe. 

2.25. SN 2012Z 

SN 2012Z was discover ed on 29 Ja nu ary 2012 in 
NGC 1309 by LOSS (Ccnk o at all [2011) . ICenko et alJ 
(|2012| ) also report spectroscopic observations indicating 
that SN 2012Z is a SN lax. A detailed study of this SN 
and its progenitor will be presented by Fong et al. (in 
preparation). A comparison of the spectra of SNe 2002cx 
and 2012Z is shown in Figure [Sj We present previously 
unpublished CfA light curves in Section ISTTl 

2.26. Possible Subclasses 

Based on the criteria outlined above, we have selected 
the members of the SN lax class in the previous subsec- 
tions. As mentioned above, the inclusion and exclusion 
of particular SNe is somewhat subjective. Here we focus 
on possible subclasses of SNe lax that could be physi- 
cally different from the other members. The two obvious 
groups (which may be considered subclasses of SNe lax) 



are the SNe similar to SNe 2007J and 2008ha, respec- 
tively. 

Unlike other members of the class, SNe 2004cs and 
2GG7J both have strong He I lines in their spectra. It 
is still unclear if this difference is the result of different 
ejecta (SNe 2004cs and 2G07J have significantly more he- 
lium in their ejecta than other members), different phys- 
ical conditions (such as ionization at a given time), or 
an observational effect (only particular viewing angles 
show He I, or the lines are only present at particular 
phases) . Additional observations with significantly more 
data should help disentangle these possibilities. Until 
there is a clear physical difference, we include these ob- 
jects in the class, with the He I lines being an interesting 
constraint on the progenitor systems and explosion. 

Several members of the class (SNe 2002bp, 2009ku, 
2GlGae, and 2010el) have extremely low velocity {\v\ « 
3,000 kms"^) similar to SN 2GG8ha. Ahhough this is a 
possible indication of a distinct subclass, other observa- 
tions conflict with this possibility. Specifically, there is 
a range of ejecta velocities for the class (see Section [SJ, 
and there appe ars to be a co ntinuous sequence of veloc- 
ities (McCl elland et al.|[20Tl . Additionally, SN 2009ku 
had very low velocities but a lumin osity similar to that 
of SN 2GG2cx (jNaravan et all 120 111) , indicating that the 
SNe with very low velocity are not distinct in all proper- 
ties. We consider these objects to be extreme members 
of the class rather than a separate group. 

3. OBSERVATIONS AND DATA REDUCTION 
3.1. Photometry 

Below, we present new and previously published pho- 
tometry of several SNe lax. SNe 2003gq, 2005cc, and 
2GG8A have previously published filtere d photometry 
from KAIT (jCanes halinga m et all IMol) . The KAIT 
photometry is supplemented by previously published 
photometr y of SNe 2GG 6hn, 2008A, and 2008ae from 
the C fA3 (jHicken et al.i .2009) and CfA4 (|Hicken et alJ 
I2G12D samples. We present previously unpublished fil- 
tered KAIT photometry of SN 2007J and unfiltered (sim- 
ilar to R band) KAIT photometry of SNe 2GG4cs, 2005P, 
and 2007 J. We also present previously unpublished fil- 
tered CSP photometry of SNe 2GG8ae and 2GG9J, un- 
published filtered CfA photometry of SNe 2011ay and 
2G12Z, and unpubhshed filtered CHASE photometry of 
SNe 2009J and 2Gllce. 

Unfiltered (as part of LOSS) and broadband BVRI 
photometry of several SNe was obtained using KAIT 
at Lick Observatory. The data were reduced using a 
mostly automated pipeline developed for KAIT images 
(|Ganeshalingam et al.|[2Q10l ). Images are bias-corrected 
and flatfielded at the telescope. Using galaxy templates 
obtained a year and a half after discovery, the data im- 
ages are galaxy-subtracted to remove galaxy flux at the 
position of the SN. The flux of the SN and the local field 
star are measured using the point-spread function (PSF) 
fitting photometry package DAOPHOT in IRAF H Instru- 
mental magnitudes are color-corrected to the LLandoltl 

IRAF: The Image Reduction and Analysis Facility is dis- 
tributed by the National Optical Astronomy Observatory, which 
is operated by the Association of Universities for Research in As- 
tronomy (AURA) under cooperative agreement with the National 
Science Foundation (NSF). 



10 



Foley et al. 



17 



18 



t/3 

(U 

B 19 
si 

pq 

I 20 

Oh 

21 




SN 2003gq 



1-0.2 



R 



V 



• B+0.2 

__, , I , , , L 



TABLE 3 
Photometry of SNe Iax 



60 80 100 120 
JD - 2452800 (days) 



140 



Fig. 10. — KAIT BVRI (blu e, green, red, and orange, r espec- 
tively) light curves of SN 2003gq IjCaneshalingam et al.llmoh . The 
uncertainties for most data points are smaller than the plotted sym- 
bols. 



(|1992D system using the average color terms measured 
on multiple photometric nights. 

The majority of the CSP imaging was obtained at the 
Las Campanas Observatory (LCO) with the Henrietta 
Swope 1.0 m telescope equipped with the "SITeS" direct 
optical camera. These data are accompanied with addi- 
tional images taken with the Irenee du Pont 2.5 m tele- 
scope. Optical du Pont images were obta ined with the 
direct CCD camera known as "Tek 5"; see lHamuv et al.l 
dlOOe) for details regarding these instruments. An in- 
depth description of CSP observational procedures, data- 
reduction techniques, and the computation of definitive 
ph otometry in the natu ral photometric system is given 

with additional descriptions 
SN photometry is computed 



b v lContreras et al 



in iStritzinger et al 



difi^erentially with respect to a local sequence of stars, and 
reported in the natural system. Convers ions to standard- 
system magnitudes are presented by IStritzinger et al] 
(|20111 

Photometry of several SNe was also obtained by 
the 0.41 m Panchromatic Robotic Opti cal Monitoring 
and Polarimetry Telescope (PROMPT iReichart et"al] 
|2005() . Instrumental magnitudes were measured using 
the template-subtra ction technique with a code base d 
on the ISIS package (lAlard fc LuptodflflMlAlaTdllMiol ). 
and we report magnitudes in the natural system. 

All previously unpublished photometry is listed in Ta- 
ble H Light curves for SNe 2003gq, 2004cs, 2005P, 
2005CC, 2006hn, 2007J, 2008ae, 2009J, 2011ay, and 2012Z 
are shown in Figures [T0l - l20l respectively. 



3.2. Spectroscopy 



JD - 2450000 Magnitude Uncertainty 



SN 2004CS 



KAIT Unfiltcrcd 



3177.90 


19.16 


0.14 


3179.90 


18.11 


0.04 


3180.89 


17.82 


0.03 


3182.89 


17.60 


0.03 


3184.85 


17.47 


0.04 


3187.87 


17.54 


0.05 


3193.89 


18.04 


0.04 


3195.81 


18.18 


0.04 


3197.82 


18.30 


0.05 


3199.82 


18.65 


0.06 


3200.79 


18.78 


0.08 


3204.86 


18.88 


0.20 


3206.80 


19.12 


0.14 


SN 2005P 


KAIT Unfiltcrcd 


3392.05 


17.93 


0.09 


3393.09 


17.82 


0.09 


3394.07 


17.88 


0.09 


3395.03 


17.97 


0.04 


3412.03 


18.28 


0.12 


3436.97 


18.70 


0.13 


3445.98 


18.78 


0.15 


3461.97 


19.03 


0.14 


3471.93 


18.91 


0.31 


3479.89 


19.31 


0.22 


SN 2007J 


KAIT Unfiltcrcd 


4115.75 


18.56 


0.05 


4117.75 


18.68 


0.07 


4118.75 


18.95 


0.06 


4123.75 


19.15 


0.10 


KAIT V 


4123.66 


19.63 


0.11 


4124.61 


19.75 


0.09 


4125.62 


19.89 


0.64 


KAIT R 


4123.66 


18.91 


0.06 


4124.61 


19.01 


0.06 


4125.62 


19.05 


0.36 


4133.69 


19.29 


0.14 


4134.62 


19.53 


0.16 


4135.64 


19.51 


0.15 


4136.64 


19.84 


0.39 


4137.62 


19.61 


0.14 


KAIT I 


4123.66 


18.53 


0.06 


4124.61 


18.50 


0.09 


4125.62 


18.52 


0.29 


4133.69 


18.66 


0.14 


4134.62 


19.16 


0.17 


4135.64 


19.08 


0.16 


4136.64 


18.95 


0.31 


4137.62 


18.95 


0.14 


SN 2008ae 


CSP u 


4508.75 


19.34 


0.04 


4512.71 


19.69 


0.07 


4515.71 


20.34 


0.41 


4519.67 


20.80 


0.23 


CSP B 


4508.75 


18.64 


0.02 


4512.71 


18.73 


0.02 


4515.71 


19.08 


0.12 


4519.67 


19.67 


0.05 


4521.73 


19.94 


0.06 


4523.69 


20.21 


0.06 


4527.65 


20.60 


0.05 


4532.64 


21.17 


0.09 


4552.65 


21.57 


0.17 


4558.58 


21.76 


0.11 


4564.58 


21.72 


0.11 


4591.54 


22.21 


0.17 


4530.63 


21.00 


0.08 


4538.62 


21.51 


0.12 


4540.60 


21.40 


0.10 


CSP V 


4508.75 


18.35 


0.01 


4512.71 


18.19 


0.01 
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Fig. 11.— KAIT unfiltered light curve of SN 2004cs. 




20 30 40 50 60 70 
JD - 2453500 (days) 

Fig. 13. — KAIT BVRI (blue, gre en, red, and orange, r espec- 
tively) light curves of SN 2005cc ( G aneshalingam et aLllmOh . The 
uncertainties for most data points are smaller than the plotted sym- 
bols. 




100 120 140 160 
JD - 2453300 (days) 

Fig. 12.— KAIT unfiltered light curve of SN 2005P. 
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20 40 60 80 
JD - 2454000 (days) 



100 



Fig. 14. — CfA3 BVri (bl ue, green, red, and o range, respectively) 
light curves of SN 2006hn l IHicken et al.|[2009h . The uncertainties 
for most data points are smaller than the plotted symbols. 
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Fig. 15. — KAIT VRI (green, red, and orange, respectively) and 
unfiltered (grey) light curves of SN 2007 J. There is an upper limit 
unfiltered nondetection point 40 days before the first detection that 
is not plotted. 



We have obtained several low -resolution optical spe ctra 
with the FAST spectrograph ()Fabricant et all llOM ) on 
the FLWO 1.5 m t elesc ope, the Kast double spectrograph 
(jMiller fc Stond 119931 ) on the Shane 3 m telescope at 
Lick Observatory, the EMMI spectrograph (|Dekker et all 
Il986( ) on the New Technology Telescop e at La Silla 
Observatory, the EFOSC spectrograph (jBuzzoni et all 
[1984) on the ESO 3.6 m telescope, the LDSS3 spec- 
trograplH on the M agellan Clay 6.5 m t elescope, the 
IMACS spectrograph (jPressler et alJl201lD on the Mag- 
ellan Baade 6.5 m telescope, and the Low Re solution 
Imaging Spectrometer (LRIS; lOke et all I1995D on the 
10 m Keck I telescope. 

Standard CCD processing and spectrum extraction 
were accomplished with IRAF. The data we re extracted 
using the optimal algorithm of iHornd (|1986f) . Low-order 
polynomial fits to calibration-lamp spectra were used to 
establish the wavelength scale, and small adjustments 
derived from night-sky lines in the object frames were 
applied. We employed our own IDL routines to flux 
calibrate the data and remove telluric lines using the 
well-exposed continua of t he spectrophotorn etric stan- 
dard stars (|Wade fc HorndHOSl iFblev et alj[200l . De- 
tails of our spectr oscopic r educt ion techniques are de- 
scribed by Silver man et alJ (120121 ). 

A log of all previously unpublished spectral observa- 
tions is presented in Table H) Spectral sequences for 
SNe 2008ae, 2009J, 2011ay, and 2012Z are shown in Fig- 
ures m] - [Ml respectively. We only display previously 

http://www.lco.cl/teloscopos- 
information / magollan / instruments- 1 /ldss-3- 1 / . 
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Fig. 16. — uBVgrRil (purple, blue, green, yellow, red, red, 
orange, and orange, respectively) light curves of SN 2008ae. KAIT, 
CfA4, and CSP photometry are represented by circles, stars, and 
squares, res pectively. The KAIT and C fA4 data were previousl y 
published bv lGaneshalingam et all l|2010l ) and lHicken et aLl l|2012i ). 
respectively. The uncertainties for most data points are smaller 
than the plotted symbols. 

unpublished data. We do not display our single previ- 
ously unpublished spectrum of SN 2008ge since it was 
ob tained the same nig ht as the first spectrum presented 
bv lFolev et all (|20Tod ). 

4. PHOTOMETRIC PROPERTIES 

In this section, we examine the photometric properties 
of SNe lax. A minority of the full sample has filtered pho- 
tometry that covers maximum brightness. Since obser- 
vations near maximum brightness are critical for direct 
comparisons between SNe, we focus on the SNe having 
those data. For the SNe in our sample with light curves 
around maximum brightness, we can derive several light 
curve parameters: time of maximum brightness, peak 
brightness, peak absolute brightness, and decline rate. 
We fit low-order polynomials to each light curve near 
maximum brightness to derive these values for each avail- 
able band. For some SNe and some bands, we can only 
place limits or broad ranges on the derived values. We 
present our measurements in Table [S] 

4.1. Photometric Relations 

Using the measured times of maximum, we can di- 
rectly compare the absolute-magnitude light curves of 
several SNe in the class. We present those light curves 
in Figure [25| and note that they have not been corrected 
for host-galaxy extinction (see Section The figure 

shows the large range of peak absolute magnitudes for 
the class. It also displays the differing photometric be- 
havior. Some SNe with very similar absolute magnitudes 
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Fig. 17. — uBVgri (purple, blue, green, yellow, red, and orange, 
respectively) light curves of SN 2009J. CSP and CHASE photom- 
etry are represented by squares and diamonds, respectively. The 
uncertainties for most data points are smaller than the plotted 
symbols. 
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Fig. 19.— CHASE unfiltered light curve of SN 2011ce. 
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Fig. 18. — CfA BVri (blue, green, red, and orange, respectively) 
light curves of SN 2011ay. 
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Fig. 20. — CfA BVri (blue, green, red, and orange, respectively) 
light curves of SN 2012Z. The uncertainties for most data points 
are smaller than the plotted symbols. 
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Fig. 21. — Optical spectra of SN 2008ae. Rest-frame phases 
relative to V maximum arc listed to the right of each spectrum. 
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Fig. 22. — Optical spectra of SN 2009J. Rest-frame phases rela- 
tive to V maximum are listed to the right of each spectrum. 



TABLE 4 

Log of Spectral Observations 



Phase'' 



UT Date 



Telescope / Exp. 
Instrument (s) 



Observer'' 



2-42 
6-46 
6-46 
30-70 
62-102 



2007 Jan. 
2007 Jan. 
2007 Jan. 
2007 Feb. 
2007 Mar. 



17.2 
21.3 
21.4 
14.3 
18.3 



SN 2007J 
PLWO/FAST 
Lick/Kast 
Keck/LRIS 
Keck/LRIS 
Keck/LRIS 



1800 PBl 
2100 MG, TS 

300 AF. JS, RE 
1200 AF, JS, RC, RE 

900 JS, RC 



-3.6 
-0.5 
8.0 
11.8 
24.4 
69.2 



2008 Feb. 13.3 
2008 Feb. 16.4 
2008 Feb. 25.3 
2008 Feb. 29.2 
2008 Mar. 13.1 
2008 Apr. 28.3 



SN 2008ae 
NTT/EMMI 
Lick/Kast 
Clay/LDSS 
Lick/Kast 
ESO/EFOSC 
Keck/LRIS 



900 CP 

1800 JS, MG, NL, TS 
1800 GP, NM 
1800 JS, MG, NL, TS 
1200 GF 

900 AF, DP, JS, TS 



41.1 2008 Oct. 27.5 



SN 2008gc 
Keck/LRIS ~ 



SN 2009J 



105 AF, BT, JS, TS 



0.2 
5.2 
21.8 
22.9 
24.7 
57.2 



2009 Jan. 17.2 
2009 Jan. 22.2 
2009 Feb. 
2009 Feb. 
2009 Feb. 
2009 Mar 



8.1 
9.2 
11.1 
16.1 



Clay/LDSS 
Clay/LDSS 
Clay/LDSS 
Clay/LDSS 
Baade/IMACS 
Baade/IMACS 



700 MP, MS 
700 NM 
700 NM 
700 NM 
600 NM 
1200 NM 



SN 2010ae 



2010 Feb. 26.1 



Baade/IMACS" 
SN 201 lay" 



1800 ASl 



-2.0 
1.9 
4.8 
10.8 
26.4 
36.2 
49.9 
62.7 
175.6 



2008 Mar 
2008 Apr. 
2008 Apr. 
2008 Apr. 
2008 Apr. 
2008 May 7.2 
2008 May 21.2 
2008 Jun. 3.2 
2008 Sep. 26.6 



29.2 
2.2 
5.2 
11.2 
27.2 



Lick/Kast 

Lick/Kast 

Lick/Kast 

Lick/Kast 

Lick/Kast 

Lick/Kast 

Lick/Kast 

Keck/LRIS 

Keck/LRIS 



1500 AB, JW, RA 
1921 SH 
2100 JR, KG 
1800 AS2, SH 
1800 VB 
1800 RA 
2100 AD, GC 
450 AF, BC, 
1850 AF, BC, 



ML 

JS 

JS 



SN 201 Ice 



42< 
371< 



2011 Apr. 24.2 

2012 Apr. 20.4 



Baade/IMACS 
Baade/IMACS 



450 JA 
3600 RF 



SN 2012Z 



-13.7 
-12.7 
1.1 
4.1 
6.1 
6.2 
7.1 
29.0 



2012 Feb. 1.2 
2012 Feb. 2.2 
2012 Feb. 16.1 
2012 Feb. 19.1 
2012 Feb. 21.1 
2012 Feb. 21.3 
2012 Feb. 22.1 
2012 Mar. 15.2 



Lick/Kast 

Lick/Kast 

FLWO/FAST 

FLWO/FAST 

FLWO/FAST 

Keck/LRIS 

FLWO/FAST 

Keck/LRIS 



842 BC, DC 
2400 KC, PB2 
1800 JI 
1800 JI 
1800 JI 

300 AMI, AM2, JS, PN 
1800 JI 

510 AMI, BC, JS, PN 



^ Rcst-framc days since V maximum. 

AB = A. Barth, AD = A. Diamond-Stanic, AF = A. Filippcnko, AMI = 
A. Miller, AMI = A. Morgan, ASl = A. Soderberg, AS2 = A. Sonnonfeld, 
BC = B. Conko, BT = B. Tucker, DC = D. Cohen, DP = D. Poznanski, GC 
= G. Canalizo, GF = G. Folatelli, GP = G. Pignata, JA = J. Anderson, 
JI = J. Irwin, JR = J. Rex, JS = J. Silverman, JW = J. Walsh, KC = K. 
Clubb, MG = M. Gancshalingam, ML = M. Lazarova, MP = M. Phillips, 
MS = M. Stritzinger, NL = N. Lee, NM = N. Morrell, PBl = P. Bcrlind, 
PB2 = P. Blanchard, PN = P. Nugent, RA = R. Assef, RC = R. Chornock, 
RF = R. Foley, SH = S. Hoenig, TS = T. Steele, VB = V. Benncrt 

Approximate phase; see Section 12 . 241 for details. 

can have very different decline rates (e.g., SNe 2002cx 
and 2008geH) Despite these outliers, there is a gen- 
eral trend that the more luminous SNe at peak tend to 
have broader light curves. There is also some diversity 
in the rise times (although most SNe have scarce pre- 
maximum data). Contrary to the trend seen with SNe la, 
SN 2008A is brighter than SN 2005hk but has a slightly 



20 The SN 2008ge light curve presented by IFolev et all Il2010d) 
was observed unfiltered and converted to y, and therefore some of 
the discrepancy may be related to the slightly different bandpasses. 
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TABLE 5 
Light-Curve Properties of SNe Iax 



SN Name 


B (mag) 


V (mag) 


R (mag) 


/ (mag) 


g (mag) 


r (mag) 


i (mag) 


tmax (JD - 2,450,000) 


2002CX 


2413.34 (0.25) 


2418.31 (0.39) 


2420.95 (0.94) 


2421.79 (2.83) 








2003gq 


2848.78 (0.26) 


2852.56 (0.28) 


2854.49 (0.35) 


2857.01 (0.40) 








2005CC 


<3519.29 


3522.10 (0.18) 


3523.01 (0.11) 


3526.88 (0.30) 








2005hk 


3685.09 (0.44) 


3689.81 (0.63) 


3690.04 (1.93) 


3694.86 (0.27) 


3685.48 (0.74) 


3691.61 (0.27) 


3694.52 (0.47) 


2007qd 










4355.42-4405.89 


4355.42-4405.89 


4355.42-4405.89 


2008A 


4478.23 (0.23) 


4483.61 (0.31) 


4485.03 (0.36) 


4488.28 (0.54) 




4483.15 (1.69) 


4485.67 (1.67) 


2008ae 


4508.40 (1.71) 


4513.52 (0.11) 








4515.73 (0.53) 


4518.30 (0.71) 


2008ge 


4725.77 (1.69) 








2008ha 


4783.23 (0.16) 


4785.24 (0.30) 


4787.30 (0.18) 


4787.95 (0.28) 








20009J 


<4848.72 


<4848.71 


4850.03 (1.45) 




<4848.69 


<4848.70 


4852.39 (2.43) 


2009ku 








5097.87 (0.59) 


5098.33 (0.88) 


5099.54 (1.70) 


201 lay 


5647.64 (1.54) 


5651.81 (1.70 ) 








5653.77 (1.53) 


5653.12 (4.96) 


2012Z 


<5969.61 


<5969.60 








5974.91 (0.78) 


5977.27 (1.89) 


Peak Magnitude 


2002CX 


17.78 (0.23) 


17.72 (0.09) 


17.58 (0.02) 


17.42 (0.19) 








2003gq 


18.19 (0.01) 


17.88 (0.01) 


17.48 (0.02) 


17.25 (0.01) 








2005CC 


<16.70 


16.27 (0.01) 


15.92 (0.01) 


15.68 (0.01) 








2005hk 


15.92 (0.01) 


15.73 (0.01) 


15.51 (0.01) 


15.37 (0.01) 


15.80 (0.03) 


15.67 (0.01) 


15.79 (0.01) 


2007qd 










<21.90 


<21.72 


<21.35 


2008A 


16.39 (0.01) 


16.11 (0.01) 


15.82 (0.01) 


15.67 (0.01) 




16.01 (0.02) 


16.06 (0.02) 


2008ae 


18.62 (0.03) 


18.17 (0.02) 








17.93 (0.05) 


17.85 (0.02) 


2008ge 




13.77 (0.12) 












2008ha 


18.23 (0.01) 


17.68 (0.01) 


17.54 (0.01) 


17.36 (0.01) 








2009J 


<18.97 


<18.72 


18.90 (0.16) 




<18.71 


<18.68 


18.79 (0.09) 


2009ku 








19.60 (0.01) 


19.26 (0.01) 


19.24 (0.01) 


2011ay 


17.04 (0.01) 


16.62 (0.04) 








16.54 (0.11) 


16.83 (0.11) 


2012Z 


<14.73 


<14.48 








14.27 (0.03) 


14.27 (0.11) 








Peak Absolute Maj 


;nitudc 






2002CX 


-17.48 (0.28) 


-17.52 (0.18) 


-17.64 (0.15) 


-17.77 (0.15) 








2003gq 


-16.76 (0.15) 


-17.01 (0.15) 


-17.37 (0.15) 


-17.56 (0.15) 








2005CC 


< -16.05 


-16.79 (0.15) 


-17.13 (0.15) 


-17.38 (0.15) 








2005hk 


-17.69 (0.15) 


-17.86 (0.15) 


-18.07 (0.15) 


-18.19 (0.15) 


-18.12 (0.36) 


-17.91 (0.15) 


-17.78 (0.15) 


2007qd 










< -14.50 


< -14.61 


< -14.99 


2008A 


-17.92 (0.15) 


-18.16 (0.15) 


-18.41 (0.15) 


-18.53 (0.15) 




-18.23 (0.15) 


-18.15 (0.15) 


2008ae 


-17.10 (0.15) 


-17.53 (0.15) 








-17.76 (0.16) 


-17.82 (0.15) 


2008ge 




-17.60 (0.25) 












2008ha 


-13.70 (0.15) 


-14.18 (0.15) 


-14.28 (0.15) 


-14.41 (0.15) 








2009J 


< -15.53 


< -15.70 


-15.47 (0.22) 




< -15.71 


< -15.70 


-15.54 (0.17) 


2009ku 








-18.36 (0.15) 


-18.70 (0.15) 


-18.71 (0.15) 


201 lay 


-18.05 (0.15) 


-18.40 (0.16) 








-18.43 (0.19) 


-18.10 (0.19) 


2012Z 


< -17.96 


< -18.18 








-18.37 (0.09) 


-18.25 (0.14) 


Amis (mag) 


2002CX 


1.23 (0.06) 


0.84 (0.09) 


0.54 (0.06) 


0.38 (0.06) 








2003gq 


1.83 (0.02) 


0.98 (0.03) 


0.71 (0.10) 


0.52 (0.04) 








2005CC 




0.97 (0.01) 


0.65 (0.01) 


0.61 (0.06) 








2005hk 


1.54 (0.05) 


0.92 (0.01) 


0.52 (0.13) 


0.52 (0.01) 


1.22 (0.15) 


0.67 (0.01) 


0.56 (0.03) 


2008A 


1.26 (0.07) 


0.82 (0.06) 


0.51 (0.01) 


0.38 (0.03) 




0.56 (0.05) 


0.47 (0.03) 


2008ae 


1.35 (0.23) 


0.94 (0.02) 








0.71 (0.13) 


0.50 (0.03) 


2008ge 




0.34 (0.24) 












2008ha 


2.17 (0.02) 


1.22 (0.03) 


0.97 (0.02) 


0.65 (0.02) 








2009J 






0.79 (0.05) 








0.69 (0.10) 


2009ku 










0.43 (0.08) 


0.25 (0.03) 


0.18 (0.09) 


201 lay 


1.34 (0.42) 


0.75 (0.12) 








0.44 (0.14) 


0.26 (0.16) 


2012Z 












0.59 (0.01) 


0.48 (0.11) 



shorter rise time. Nonetheless, the faintest SNe lax, such 
as SN 2008ha and SN 2004cs, have shorter rise times 
and faster dechne rates than the brightest SNe, such as 
SNe 2005hk and 2008A. 

SNe lax span a range of dechne rates that is similar 
to that of normal SNe la, although the SN lax range 
is somewhat larger. The rise-time range for SNe lax 
(from SN 2008ha at - 10 days to SN 2008ge, which 
might be >20 days) is also la rger than for that of SNe la 
(jGaneshalingam et al.ll201ll ): based on current data, it 
appears that the average SN lax has a shorter rise time 
than the average SN la, but few SNe have light curves 
sufficient for this measurement. Despite their rough sim- 



ilarity in light-curve shape, SNe lax have consistently 
lower luminosity (even if that criterion is relaxed from 
our classification scheme) than SNe la. 

For SNe lax, there are several clear trends in the de- 
rived photometric parameters. Peak brightness and de- 
cline rates are highly correlated for a given object in all 
bands. In other words, a SN that is bright and declines 
slowly in B is also bright and declines slowly in R. 

Performin g a Bayesian Monte-Carlo linear regression 
on the data (|Keiivil2nn7n . we determine correlations be- 
tween different parameters in different bands. The linear 
relationships and their correlation coefficients are pre- 
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Fig. 23. — Optical spectra of SN 2011ay. Rest-frame phases 
relative to V maximum are listed to the right of each spectrum. 

sented in Tabled where the equations are all of the form 

P2 = api + /3, (1) 

where pi and p2 are the two parameters, a is the slope, 
and /? is the offset. 

Using the Equations in Table [6l one can effectively 
transform observations in one band into measurements in 
another. However, we note that although the correlations 
are generally quite strong, the uncertainties for the linear 
relations are relatively large for several relations. 

There are only four SNe with V and r/i light curves. 
The small number of measurements prevents robust de- 
terminations of relationships between the parameters in 
V and r/i. However, the measurements in r/i are consis- 
tent with measurements in R/I (modulo offsets related 
to the filter response functions). As such, we are able 
to use the rough relations between r/i and V to esti- 
mate light-curve parameters in V for SN 2009ku (which 
was only observed in PSl bands). Doing this, we find 
Mv = ' -18.94 ± 0.54 mag, and Ami5(V^) = 0.58 ± 
0.17 mag. Both value s are consistent with those found by 
iNaravan etliLl (|201lD . who used only SN 2005hk to pro- 
vide scalings. Using the same relations for SN 2012Z, 
we find My = —18.56 ± 0.40 mag, which is consis- 
tent with the direct measurement in the V band of 



o 
U 
+ 




4000 5000 6000 7000 8000 9000 10000 
Rest Wavelength (A) 

Fig. 24. — Optical spectra of SN 2012Z. Rest-frame phases rela- 
tive to V maximum are listed to the right of each spectrum. 
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Fig. 25. — Absolute V-band light curves for a subset of SNc lax. 
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TABLE 6 
Light-Curve Relations for, SNe Iax 



1st 


2nd 


Slope 


Offset Equation No. 


Correlation 


Parameter 


Parameter 


(a) 


(/3) No. SNe 


Coefficient 


^max (^) 


^max (^) 


0.98 (0.03) 


5.17 (1.83) 


2 


7 


0.9994 


^max (^) 


^max (^) 


1.00 (0.02) 


-1.47 (1.52) 


3 


6 


0.9997 


^max {^^ 


tmax(V) 


1.00 (0.04) 


-4.41 (2.79) 


4 


6 


0.9996 


+ ( ^\ 
t-max yi I 


t-max I, ^ j 








4 


0.958 


^max (^) 


^max (^) 








4 


0.947 






n /in /n io\ 
U.4U (U.lzJ 


0.32 (0.20) 


5 


7 


n nc;n 


Ami5(i?) 


Ami5(y) 


0.77 (0.26) 


0.46 (0.18) 


6 


6 


0.966 


0Anii5(7) 


Ami5(V) 


1.35 (0.66) 


0.27 (0.34) 


7 


6 


0.929 


Am,i5(r) 


Ami5(y) 








4 


-0.277 


Anii5(j) 


Ami5(y) 








4 


0.471 


Mb 


My 


0.95 (0.09) 


-1.22 (1.45) 


|8| 


7 


0.996 


Mfl 


Mv 


0.96 (0.10) 


-0.37 (1.74) 


El 


6 


0.997 


Mj 


Mv 


0.97 (0.12) 


-0.09 (2.13) [To] 6 


0.992 


Mr 


Mv 








4 


-0.310 


Mi 


Mv 








4 


-0.311 


Ami5(y) 


Mv 


10.7 (2.4) 


-27.4 (2.3) 


1] 


9 


0.980 


Ami5(K) 


Mv 


8.3 (2.0) 


-22.3 (1.3) 


12 


6 


0.982 



Mv < -18.18 mag, and I\mi^{V) = 0.92 ± 0.26 mag. 
We also convert the parameters measured for the unfil- 
tered hght curve of SN 2004cs assuming that the un- 
fihered Ught curve is equivalent to R. This conversion 
provides an estimate of My = —16.2 ± 0.3 mag, and 
Ami5(y) = 1-4 ± 0.2 mag for SN 2004cs. 

There is a clear progression in time of maximum bright- 
ness from blue to red, with the VRI bands peaking 5.1, 
6.6, and 11.1 days after B, respectively. This progression 
is similar to that seen for normal SNe I and is indicative 
of the SN ejecta cooling with time. There is no robust 
correlation between the time between maxima and light- 
curve shape. 

In Figure [26l we show the relation between Ami5(F) 
and My (uncorrected for host-galaxy extinction) for the 
nine SNe with measurements of these parameters and 
three SNe with estimates of these parameters. There is a 
general WLR, which is confirmed by a linear relationship 
between the parameters (Equation [11] which did not in- 
clude the estimates for SNe 2004cs, 2009J, or 2009ku). 
The tight WLR for SNe la is interpreted as the result of 
a homogeneous class of objects with a single parameter 
(related to the ^^Ni mass) con trolling multiple observ- 
ables (e.g.. iMazzali et al]|2007[) . Similar physics may be 
behind the SN lax WLR, but the large scatter indicates 
that the class is not as homogeneous as SNe la, with 
other parameters (perhaps ejecta mass; see Section [531 
also being important. 

We note that there is a strong correlation between 
Ami5(i?) and My (uncorr ected for host-galaxy extinc- 
tion) for our small sample. iNaravan et al.l (|2011| ) found 
no strong correlation between these two quantities us- 
ing a slightly different sample, but this appears to be 
because they included SN 20^7qd in the relation. Al- 
though iMcCleUand et al.l (|2010) reported peak magni- 
tudes and d ecline rates for SN 2007qd (which were re- 
produced bv INaravan et all 2011), their light curves do 
not include any pre-maximum detections; consequently, 
their derived quantities may be misestimated. Using the 
[McClelland etall (l20lol ) light curves, we present limits 
for SN 2007qd in Table [H 

The basic parameters of time of maximum, peak abso- 
lute magnitude, and light-curve shape for the SNe with 
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Fig. 26.— WLR (Ami5(V') vs. My) for SNe la (black points) 
and SNe lax (blue points). Filled points are direct measurements 
in V, while the open points (SNe 2004cs, 2009J, and 2009ku) are 
an estimate by converting parameters measured from unfiltered 
(assumed to be R) or r and i to V. The sizes of the SN la points 
are inversely proportional to their uncertainty, with some points 
having representative errors bars to show the scaling. 



F-band light curves are reported in Tabled We also give 
estimates for SNe where we have light curves in bands 
other than V. Finally, we use the information in the 
discovery reports (combined with the relations presented 
above) to place approximate limits on My at peak and 

imax(V^). 

4.2. Color Curves and Host-galaxy Reddening 

In Figure [27l we present color curves for a subset of 
the class. The SNe all display the same general color 
evolution with time. SNe lax typically get redder from 
maximum brightness until 15-20 days after maximum, 
at which point they stay relatively constant in color, but 
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Fig. 27. — Color curves (B-V, V - R, and V - I from top to 
bottom) of SNe lax. Black lines correspond to the observed (cor- 
rected for Milky Way reddening) colors, while the colored curves 
correspond to an additional reddening correction corresponding to 
E{B -V) = 0.05, 0.4, 0.4, 0, 0.2, and 0.1 mag for SNe 2002cx, 
2003gq, 2005CC, 2005hk, 2008A, and 2008ha, respectively. 
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Fig. 28. — Near-maximum optical spectra of SNe 2008ae, 2008A, 
2005hk, 2003gq, 2002cx, 2005cc, 2008ha, and 2009J from top to 
bottom. The respective phases relative to V maximum are —2.4, 
-2.7, -5.9, -2.4, -3.2, -0.1, 3.2, and 0.2 days. The spectra 
have been ordered by their Si II A6355 velocity. The right-hand 
panel displays the Si II A6355 feature on a velocity scale. Narrow 
galactic features have been manually removed from some of the 
spectra. Each spectrum is labeled with the SN name and its Si II 
A6355 velocity (in 10"^ kms"!). 



become slightly bluer with time. 

Sim ilar to what has been done for SNe la ()Lira et al.l 
I1998D . we can create a tight color locus in V — I and 
a relatively tight locus in — i? when we assume some 
host-galaxy extinction. We find that reddening correc- 
tions corresponding to E{B -V) = 0.05, 0.4, 0.4, 0, 0.2, 
and 0.1 mag for SNe 2002cx, 2003gq, 2005cc, 2005hk, 
2008A, and 2008ha (respectively) significantly reduce the 
scatter in the V — R and V — I colors at all times. These 
corrections, however, do not improve the B — V scatter, 
which remains quite large. It is therefore unclear if this 
color shift is related to dust reddening, or if the scat- 
ter is intrinsic to the SNe. We therefore do not apply 
these corrections to any of our estimates for the absolute 
magnitudes presented in Table [5l Furthermore, no dust 
reddening correction can simultaneously make the V — R 
and V — I colors of SN 2008ha similar to those of the 
other SNe; it is consistently bluer than all other SNe in 
V — R when matching the V — I color. 

5. SPECTROSCOPIC PROPERTIES 

5.1. Maximum-light Spectra 

SNe lax have a large range of photospheric velocities. 
For the members with spectra near t = —2 days relative 
to V maximum, we show their spectra in Figure !^ The 
spectra are ordered by Si II A6355 velocity, and the Si II 
A6355 feature is shown in detail in the right panel of the 



figure. The spectra are at slightly different phases (from 
t ~ —5.9 to —0.1 days), so the comparison is appropriate 
for general patterns rather than looking for specific differ- 
ences. Despite the different ejecta velocities, the spectra 
look very similar — the main differences are that the 
lower-velocity SNe have otherwise blended features re- 
solved, with all spectra have features attributed to C/0 
burning. Furthermore, the extreme SN 2008ha does not 
appear to be significantly different from the other mem- 
bers of the class, but rather there seems to be a spectral 
sequence for the objects defined primarily by ejecta ve- 
locity. 

Using the method of iBlondin et al.l ()2006D to measure 
photospheric velocities, we determine the temporal evo- 
lution of the Si II A6355 feature for several members of 
the class. Figure [29] shows the results. Generally, the 
Si II velocity is relatively flat until a few days before V 
maximum. At that time, the velocity decreases quickly, 
and around 10-15 days after V maximum the velocity 
starts to decline more gradually. This behavior is slightly 
different from that of normal SNe la, where high- velocity 
features at early times can cause steep ve locity declines 
at t < -5 days fe.g.. iFolev et al.l l2012a|) . but IS simi- 
lar to the velocity evolu tion of some pote ntial "Super- 
Chandrasekhar" SNe la (jScalzo et al.ll2012l ). for which a 
thin, dense shell of material in the ejecta has been in- 
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Fig. 29. — Si II A6355 velocity as a function of time relative to 
V-band maximum brightness for SNe lax. 



voked to explain the low velocity gradients. For some 
SNe at times starting around 10-15 days after maximum 
brightness, the Si II feature begins to blend with other 
features, and the velocity is not a particularly reliable 
measurement. 

Fitting the velocity data for — 6 < t < 15 days, we 
measured the velocity gradie nts near maximu m bright- 
ness. Unlike normal SNe la (jFolev et al.ll20li|) . there is 
no evidence for a correlation between the velocity gradi- 
ent near maximum brightness and the velocity at max- 
imum brightness. The individual velocity gradients are 
all similar to the weighted mean of 250 km s^^ day""'^, 
which is at the high end o f velocity gradients for normal 
SNe la (iFolev et al.ll20lTI) . 

Using the data near maximum brightness, we simulta- 
neously fit for the velocity at V maximum when fitting 
for the velocity gradient. These range from —2210 (for 
SN 2009J) to -6350 kms'^ (for SN 2008A). Near max- 
imum, there is a larger spread in velocities than at later 
times. And although SNe with relatively high velocities 
at early times (like SNe 2008A and 2008ae) also have rel- 
atively high velocities at later times, some SNe with in- 
termediate velocities at early times (like SNe 2002cx and 
2005cc) at later times have velocities similar to those of 
SN 2008ha. Clearly the velocity /density structure of the 
ejecta can be very different in these objects; nonetheless, 
we treat the maximum-light velocity as an indication of 
t he photospheric ve l ocity. 

iMcClelland et al.l (|2010[ ) suggested that there is a pro- 
gression from extremely low- velocity, low-luminosity SNe 
like SN 2008ha through SNe more similar to SN 2002cx 
to normal SNe la with relatively high velocity and high 
luminosity. To do this, they measured the photospheric 
velocity at 10 days after B maximum for SNe 2C)02cx, 
2005hk, 2007qd, and 2008ha. (We note that we cannot 
reliably measure the time of maximum for SN 2007qd.) 
The velocity measurement was made by cross correlat- 
ing the spectra. Although this method should produce 
reasonable results, we prefer our direct measurements to 
p rovide a reprod uc ible re sult . 

iNaravan et al.| (1201 llj countered the claims of 
IMcClelland et all ([2010') by presenting observations 
of SN 2009ku, which had low velocity and a high 
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Fig. 30. — Si II A6355 velocity vs. peak absolute V magnitude for 
SNe lax. SNe 2009J, 2009ku, and 2012Z, for which Mv is estimated 
using the relations derived in Section 14.11 are represented by the 
empty circles, indicating their approximate values. 



luminosity. Although it is clear that SN 2009ku was a 
low- velocity SN relative to SN 2002cx, its first spectrum 
was obtained 18 days after B maximum, and we are 
unable to measure its Si II velocity at maximum bright- 
ness. But based on spectral similarities, SN 2009ku 
likely had a velocity similar to that of SN 2008ha. For 
SN 2009ku, we assign a velocity intermediate between 
the first and third lowest-velocity SNe in our sample, 
SNe 2009J and 2005cc. 

Figure [30] compares peak absolute magnitude and 
maximum-light velocity for the SNe lax. Ignoring 
SN 2009ku, there is a slight trend where higher-velocity 
SNe are also more luminous. This trend may be 
stronger with additional data for SNe 2010ae and 2010el, 
which both have low velocities and low peak magnitudes 
(Stritzinger et al., in preparation; Valenti et al., in prepa- 
ration). 

Similar to INaravan et al.l (|201lD , we also compare the 
maximum-light velocity to light-curve shape for SNe lax 
in Figure [3T] Again, ignoring SN 2009ku, there is 
a possible correlation, where higher- velocity SNe also 
have slower declining light curves. However, besides 
SNe 2008ha, 2009 J, and 2009ku, SNe lax occupy a rela- 
tively small portion of the parameter space. 

In Figure [311 we also plot the average a nd standard 
deviation measureme nts for Si II veloc ity ([Folev et al.l 
[20I1I) and Ami5(F) (|Hicken et al.l[2009h for SNe la. As 
expected, normal SNe la have higher velocities than 
SNe lax, but also ty pically have slightly s lower decline 
rates. As was done bv lNaravan et al.l (j2011|) . we e stimate 



the ej ecta mass using analytical expressions of lArnettj 
()1982l) , the decline rate in F as a proxy for the bolomet- 
ric rise time, and the ejecta velocity, and we scale the 
relations such that a normal SN la has an ejecta mass 
of 1.4 AIq. From this relation, we see that the major- 
ity of SNe lax have ejecta masses of ~0.5 ± O.2M0, and 
SN 2008ha has an ejecta mass slightly below 0.2 M© 
(very similar to the 0.15 Mq of ejecta estimated by 
IFolev et al.l[2009h . 

From these simple relations and scalings, it appears 
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Fig. 31. — Light-curve shape vs. Si II A6355 velocity for SNe lax. 
SNe 2009 J, 2009ku, and 2012Z, for which AmisiV) is estimated 
using the relations derived in Section 14.11 are represented by the 
empty circles, indicating their approximate values. The average 
and standard deviation for normal SNe la are plotted as a single 
cross and labeled. The dashed lines represent lines of equal ejecta 
mass, ranging from 1.4 Mq in the upper left to 0.2 Mq in the 
lower right in steps of 0.2 Mq. The majority of SNe lax cluster at 
~0.5 Mq. 



that the majority of SNe lax have significantly less than 
a Chandrasekhar mass of ejecta. The luminosity gap 
between the majority of SNe lax in our sample and 
SNe 2008ha/2009J may also be reflected in the apparent 
ejecta mass gap. Perhaps more low and intermediate- 
luminosity SNe lax will produce a continuum of ejecta 
masses. 

5.2. Presence and Frequency of Helium 

As originally noted by iFolev et all (|2009l ). SN 2007 J 
is a SN lax with strong He I features. These features 
developed over time, but are present even in our first 
spectrum of SN 2007J. Our spectral series of SN 2007J 
is displayed in Figure |32] The He I lines are relatively 
weak in the first SN 2007J spectrum, and it is not easy 
to distinguish this emiss ion from normal SN lax spectra 
(jFilippenko et al.ll2007a[ ). However, the He I lines clearly 
exist when comparing the spectrum to that of SN 2008ha. 
In our next spectrum, corresponding to a phase of 30- 
70 days after maximum, the He I features become quite 
strong. In our final spectrum, at a phase of 62-102 days, 
the strongest He I line is the most prominent feature in 
the optical range. The spectrum of SN 2004cs presented 
in Figure [3] is at a phase of 42 days after V maximum 
brightness, and also shows strong He I lines. 

There is a phase w here SN 2005E1 was s pectroscopically 
similar to SN 2007J. lPerets et alj H2O1O0 presented three 
spectra of SN 2005E at phases of 9, 29, and 62 days rel- 
ative to maximum brightness. The first and last spectra 
are clearly distinct from SN 2007 J. Although a careful 
examination of the 29 day spectrum shows that it is dif- 
ferent from those of SNe lax, it could potentially be con- 
fused with a SN lax, or alternatively, perhaps a SN lax 
with helium can be confused with a SN 2005E-like ob- 
ject. The first and last SN 2007J spectra are separated 
by 60 days, so we expect that one of the SN 2007J spec- 
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Fig. 32. — Spectral sequence of SN 2007J (black curves) com- 
pared to spectra of SNe 2008ha (blue) and 2009 J (red). The 
phases (and phase ranges) are noted next to each spectrum. Wave- 
length regions corresponding to strong transitions of He I and 
±5000 kms~^ around those wavelengths are shaded gray. 



tra would resemble SN 2005E at another epoch if it were 
a SN 2005E-like object. Our SN 2004cs spectrum is at a 
phase of 42 days. This is intermediate between the sec- 
ond and third SN 2005E spectra. It is therefore possible 
that SN 2004cs is actually a SN 2005E-like object, but it 
is spectroscopically more similar to other SNe lax than 
to SN 2005E. 

We have identified two SNe lax with He I lines in their 
spectra: SNe 2004cs and 2007J. No other SN lax exhibits 
clear He emission. At a phase of ^5 days after maximum 
brightness, the spectra of both SNe have strong He I 
lines. Several SNe lax have spectra at phases similar to 
the SN 2007J spectra that show He features. We estimate 
that 9-14 SNe lax have spectra which could rule out He 
features as strong as those of SNe 2004cs and 2007 J. This 
provides a very rough estimate that ~15% of SNe lax 
show He features during the phases that SNe 2004cs and 
2007J do. 

As SN 2007J demonstrates, the frequency of He 
features is highly dependent on the phases of spec- 
tra obtained. It is also possible that many SNe lax 
with He I lines are misclassified as S Ne lib and 
SNe l b like SNe 2004cs and 2 007J were ()Raiala et al.l 
120051: iFilippenko et al.l l2007bf ). If that is the case, 
then the fraction would increase. Additionally, the 
strengths of He I features are highly dependent on den- 
sity/mixing/temperature/ionization effects in addition 
to abundance. For instance, an outstanding question is 
how much helium ex ists in the ejecta of SNe Ic (e.g., 
iHachinger et al.ll2012D . Additionally, models of helium- 
shell (on top of a C/0 WD) explosions tend to be asym- 
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metric fe.g.. lTownslev et"al]|2012[ ). and one might expect 
that the helium distribution is asymmetric in a SN lax 
explosion, resulting in viewing-angle-dependent spectral 
features. 

Additional data, particularly spectral sequences cover- 
ing a large phase range, as well as detailed modeling, will 
be necessary to determine the fraction of SNe lax with 
He I features and ultimately the mass and distribution 
of helium in the ejecta. 

5.3. Presence and Frequency of Carbon 

The amount and distribution of carbon in SN la ejecta 
is a key discriminant between various explosion models 
(|Gamezo et al.l [20031) . The presence of carbon also re- 
stricts certain progenitor systems. For instance, there 
should be little carbon in the ejecta of an electron- 
capture SN of an 0-Mg-Ne WD. Depending on the tem- 
perature, it is possible to see C I, C II, a nd C III lines in 
an optical SN spectrum (jHatano et al.lfTQQO. ). although 
C I has mostly weak optical lines blueward of ~8000 A. 

Carbon lines have been detected in several nor- 
mal SNe la, and ~ 30% of high signal-to-noise ra- 
tio (S/N) SN la spectra obtained before maximum 
brightness show a n indic ation of carbon absorption 
(iParrent et alllWl : Thom as et al l 1201 It iFolatelh et al.) 
l2012HSilverman fc Filippenkoll20li . 

C II lines have been reported in SN 2008ha (jFolev et al.l 
I2010al). and poss ibly identified in SNe 2002cx 
(jParrent et ap [20TTh. 2005hk (.Chornock et al.l [20061 ). 
and 2007qd (|McClelland et al.ll2010f ). In Figure [33l we 
present these SNe along with several other SNe lax that 
show some indication of C II. Specifically, SNe 2005cc, 
2005hk, 2007qd, 2008A, 2008ae, 2008ha, 2009J, 2011ay, 
and 2012Z have clear detections of C II A6580 and 
A7234. SNe 2002cx and 2003gq also have features 
suggestive of C II. Every SN lax with a spectrum before 
or around maximum light has some indication of carbon 
absorption. 

The phase range for the spectra is from —9.9 to 1.1 days 
relative to V maximum. Since some SNe lax have very 
hot photospheres at early times, one might expect there 
to be relatively strong C III in those spectra. There is 
some indication that the early spectra of SNe 2005hk and 
2012Z contain C III A4647 and A5696. Other spectra may 
also contain C III features, but spectral modeling may be 
required to clearly identify the features. 

The high fraction (82-i00%) of SNe lax with carbon 
visible in their pre-maximum spectra is extremely inter- 
esting. There is no indication that our spectra have 
a significantly higher S/N than those used in previous 
studies to determine the fraction of SNe la with carbon 
in their spectra. With their lower velocities reducing 
the blending of C II A6580 into the Si II A6355 fea- 
ture, it should be somewhat easier to detect C II in 
SNe lax; however, only a small number (~10%) of SNe la 
have velocities high enough to be affected by blending 
([Silverman fc F ilippenko''2012'). 

Clearly there is a significant amount of carbon present 
in the ejecta o f all SN e lax. Using a modified model from 
iTanaka et all (|2011h . iFolatelli et aD (|2012l ) determined 
the mass of carbon in SNe la by measuring the pseudo- 
equivalent width (pEW) of C II A6580. The upper range 
of the measured pEWs is ~4 A at about 5 days before 
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Fig. 33. — Optical spectra of SNe lax showing the region covering 
the C II A6580 and A7234 lines. These spectra were chosen to best 
show the C II features. Each spectrum is labeled and ordered 
by approximate Si II velocity. The grey regions correspond to 
velocities for the C II lines spanning a width of 2000 kms~^ each, 
and starting at 0, -2000, -4000, and -6000 kms^^, respectively. 

B maximum and ~1 A near maximum. Several SNe lax 
have stronger C II A6580; for instance, SNe 2005cc and 
2008ha have pEWs of 24 and 5 A at phases of -3.2 and 
—0.1 days relative to V maximum (~ — 1.2 and 5.6 days 
relative to B maximum), respectively. SN 2008ae, which 
has a relatively weak line, has a pEW of 3 A at —5.3 
(—0.2) days relative to V (B) maximum. These values 
are all significantly higher than the observations of SNe la 
at similar phases. Although we do not produce additional 
models, it is clear that SNe lax require significantly more 
carbon (by mass fraction) than do SNe la. 

5.4. Late-time spectra 

SNe lax have very different spectral seq t iences 
than SNe la (e.g ., IJha et al.l [20061 ISahu et al.l [20081: 
iFolev et all 12010a) . Specifically, we have not yet seen 
a truly nebular spectrum (one which is dominated by 
broad forbidden lines and lacks P-Cygni lines indicative 
of a photosphere) for any member of the class, despite ob- 
serving these SNe >300 days after maximum brightness. 
All other known classes of SNe have nebular spectra at 
these phases. 

In Figure [34l we present late-time spectra of the five 
SNe lax with a well-determined time of maximum and 
spectra at i > 150 days. We also include SN 2011ce, 
which has a late-time spectrum at a phase of about 
383 days (see Section [l^Mj) , and SN 2005P, which does 
not have a well-defined time of maximum, but whose 
spectrum is very similar to other late-tim e spectra of 
SNe lax (|Jha et al.ll200l iFolev et al.ll2010aD . All spectra 
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are similar, with the differences mainly being the ob- 
served velocities and the strengths of [Ca II] , [Fe II] , and 
[Ni II] features. None of these spectra are similar to those 
of SNe la, including low-luminosity SNe like SN 1991bg, 
or to SNe Ic. It is worth noting that SNe 2005hk, 2008A, 
2011ay, and 2011ce were originally classified as members 
of this class from their first near-maximum spectra, and 
despite having relatively high ejecta velocities and peak 
absolute magnitudes similar to those of low-luminosity 
SNe la, thei r late-time spectra bear no resemblance to 
any SN la. IValenti et al. (2009) suggested that a late- 
time spectrum of SN 2005hk was similar to a late-time 
spectrum of the low-luminosity SN II 1997D (except lack- 
ing any hydrogen features). However, this similarity is 
likely because these objects cool through similar lines. 

Despite generally looking similar, the SN lax late-time 
spectra are still relatively distinct. The right-hand panel 
of Figurel34lshows the spectra in the region of the [Ca II]- 
[Fe II]- [Ni II] complex (around 7300 A). SNe 2002cx, 
2005hk, and 2011ce have low velocities for all features 
and very little emission in forbidden lines from Fe-group 
elements. SNe 2005P and 2008A have very similar spec- 
tra, with both having strong emission in forbidden lines 
from Fe-group elements and from [Ca II]. The spec- 
trum of SN 2005P has slightly stronger [Fe II] compared 
to [Ni II] than SN 2008A. SN 2008ge has barely de- 
tectable [Ca II] emission and very strong [Ni II] emis- 
sion. SN 2011ay is somewhat similar to SN 2008ge (lack- 
ing strong [Ca II] emission), but its phase is a bit ear- 
lier than that of the other SNe. Interestingly, the spec- 
trum of SN 2008A looks extremely similar to that of 
SN 2008ge, except for additional [Ca II] emission. More- 
over, the spectrum of SN 2005hk is very similar to those 
of SNe 2002cx and 2011ce, but it has exceptionally strong 
emission lines. Of the six SNe lax with particularly late- 
time spectra (all SNe above except SN 2011ay), there 
are two equal-sized groups in velocity, with SNe 2002cx, 
2005hk, and 2011ce all having similarly low velocities and 
SNe 2005P, 2008A, and 2008ge all having similarly high 
velocities. 

In all cases where we can measure both [Fe II] and 
[Ni II], the [Ni II] emission is stronger than the [Fe II] 
emission. The opposite occurs in normal SNe la. By 
this phase, nearly all ^^Ni has radioactively decayed. To 
have such a large [Ni II] to [Fe II] ratio, SNe lax must 
produce significantly more stable Ni relative to radioac- 
tive Ni than SNe la, or significantly less stable Fe rela- 
tive to radioactive Ni (and Co). Low-energy explosions 
of low-density/low-tempera ture material are pred icted to 
produce such a trend (e.g.. iTravaglio et"aLll2004[) . 

The [Fe II] A7155 line is the strongest [Fe II] feature 
in SN lax spectra at late times. Normal SNe la tend to 
have stronger bluer Fe features such as [Fe II] A5262 and 
[Fe III] A4701, that are not (or perhaps weakly) detected 
in SNe lax. The ejecta in SNe lax must be relatively cold 
to produce these spectra (McCully et al., in preparation). 

For SNe 2002cx, 2008A, and 2008ge, we are able to 
measure the width of the [Ca II] emission lines. The lines 
have full widths at half-maximum intensity (FWHMs) of 
600, 1000, and 500 kms~\ respectively. For SNe 2005hk 
and 2011ce, the FWHM is at or below the resolu- 
tion of the spectra, 300 kms~^. The measurement of 
SN 2008ge is particularly uncertain since the lines are 



weak. For SNe 2002cx, 2008A, 2008ge, and 2011ce, we 
measure FWHMs for [Fe II] A7155 of 1200, 1200, 2900, 
and 500 kms~^, respectively, with the line again being 
<300 kms-i for SN 2005hk. The [Fe II] hues are con- 
sistently broader than the [Ca II] lines, indicating that 
the Ca is interior to the Fe. Furthermore, the [Ca II] 
and [Fe II] FWHMs are not well correlated from object 
to object. 

In addition to a diverse set of line widths, the nebular 
lines have diverse velocity shifts. If the ejecta are com- 
pletely transparent (because we see P-Cygni features, the 
ejecta are not completely transparent, but we assume 
that they are mostly transparent), the line shifts should 
indicate any bulk offsets in the ejecta mapped by the 
lines relative to the center of mass of the ejecta. For 
SNe 2005hk, 2008A, and 2008ge, we are able to mea- 
sure line shifts of [Fe II] A7155, [Ca II] AA7291, 7324, and 
[Ni II] A7378. For SNe 2002cx and 2011ce, we could mea- 
sure line shifts of the first two features. For SNe 2002cx, 
2005hk, 2008A, 2008ge, and 201 Ice we measure shifts of 
+60, +250, -560, -810, and +100 kms"^ for [Fe II], and 
-220, -380, +450, +410, and +20 kms^^ for [Ca II], 
respectively. 

In all but one case, the [Fe II] and [Ca II] features 
have shifts in opposite directions, while in the three cases 
where [Ni II] was measured, the shift was in the same di- 
rection and had approximately the same magnitude as 
[Fe II]. The one outlier, SN 201 Ice, has velocity shifts 
very close to zero. Interestingly, the two cases with 
blueshifted [Ca II] are SNe 2002cx and 2005hk, which 
have low- velocity late-time spectra, while SNe 2008A and 
2008ge have redshifted [Ca II] and have high-velocity 
late-time spectra. SN 2011ce, which has a very small 
shift, also has low-velocities. The difference between the 
[Fe II] and [Ca II] velocities also roughly correlates with 
FWHM; SNe with narrower lines also have a smaller dif- 
fere nce between [Fe I I] and [Ca II] velocities. 

M aeda et all (|2010D suggested that [Ni II] A7178 comes 
primarily from the innermost ejecta of SNe la, tracing 
out electron-capture processes prevalent during the de- 
flagration phase. The [Fe II] A7155 hne is supposed 
to track the high-density region directly outside the 
electron-capture zone and also is a tracer of the defla- 
gration phase. Strong [Ca II] lines are not seen in neb- 
ular spectra of SNe la, but Ca should not be the result 
of supersonic burning. If Fe/Ni track the deflagration 
phase of C/0 burning, perhaps Ca tracks lower-energy 
or lower-density burning on the opposite side of the WD 
from the deflagration flame. 

Although our current data are limited, it is clear that 
the velocity structure of SNe lax is probably quite com- 
plex. Detailed spectral synthesis of various explosion 
models will be necessary to explain all behavior seen in 
the late-time spectra. Additionally, there is no clear cor- 
relation between late-time spectral features (velocities, 
line ratios, line strengths) and maximum-light properties 
(peak luminosity, light-curve shape, photospheric veloc- 
ity). Models will have to simultaneously describe both 
the diversity of observables and their uncorrelated na- 
ture. 

6. RATES 

SNe lax are the most common "peculiar" class of 
SNe. Thus far, they have been mostly ignored in SN 
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Fig. 34. — Late-time spectra of SNe lax. The red, yellow, purple, black, gold, dark blue, and light-blue spectra correspond to SNe 2002cx, 
2005P, 2005hk, 2008A, 2008ge, 2011ay, and 2011ce at phases of 227, an unknown phase, 224, 220, 225, 176, and 371 days, respectively 
The grey spectrum is that of the SN 1991bg-like SN 1999by. The bottom-left panel displays the residual spectra relative to SN 2002cx. 
SNe 2005P, 2008A, 2008ge, and 201 lay have significant [Ni II] emission relative to SN 2002cx. The right panel shows the region near 
7300 A, and does not show the spectrum of SN 1999by. 



rate calculation s and quantities derived from those rates. 
ILi et al.l (|2011D examined the prevalence of SNe lax in 
the LOSS sample, finding that SNe lax have a rela- 
tive rate of l.6tl°2 and 5.7t^J SNe lax for every 100 
SNe la in a magnitude-limited and volume-limited sur- 
vey, respectively. Hovifever, this study was hampered 
by small numbers and the SNe used in the KAIT sam- 
ple were all more luminous than M = —16.7 mag at 
peak. The KAIT study did not account for the low- 
luminosity SNe lax, and thus, und erestima t ed th e true 
rate of SNe lax. Meanwhile, Fol ev et al.l ()2009[) esti- 
mated that SN 2008ha-like events could have a relative 
rate of ~ 10 S Ne lax f or eve ry 100 SNe la. Simply 
combining the ILi et al.l (120 11[) estimate of th e higher- 
luminosity SNe lax and the iFolev "eFall (l2009l) estimate 
of SN 2008ha-like events results in an estimate of ~17 
SNe lax for every 100 SNe la. 

Thus far, only measurements of the fraction of SNe la 
being SNe lax have been attempted. With our dataset, 
we do not have the proper information to derive a true 
SN rate. However, we can estimate the relative rate of 
SNe lax to normal SNe la. We caution that our approach 
is limited by our heterogeneous dataset and assumptions 
built into the analysis. A significant uncertainty is the 
classification: several SNe lax may exist without being 
properly classified. Since the discovery of SN 2002cx, 8 
of the 21 recent members of the SN lax class were orig- 
inally misclassified, and one member was not classified 
for more than a year after discovery. Even within the 
BSNIP data release, which provides spectra for 11 mem- 
bers and classifications were performed recently, there 
was a single memb er (SN 2006hn) which w as simply clas- 
sified as a "SN la" (|Silverman et al.ll2012D . Furthermore, 
BSNIP did n ot include SN 20 07J because of its He lines. 
Nonetheless, I Silverman et al.l ((2012) identified a previ- 
ously unclassified SN as a member (SN 2002bp). Clearly, 



classification is difficult and some true members (even 
within the last 10 years) are not included in our current 
sample. As a result, our relative rate estimates are likely 
underestimates of the true relative rate. 

With the above caveats, we wish to estimate the rela- 
tive rate, or ratio, of SNe lax to normal SNe la in a given 
volume. This is expressed as 



Hax — Cla 



A^Iax(M < Mmax) 
■ NuifJ- < Mmax) ' 



(13) 



where ^max is the maximum distance modulus for which 
one can detect SNe lax in a survey, N(fi < /imax) is the 
number of SNe with a distance modulus less than /Zmax, 
and Ciax is a correction factor to account for various 
observational effects. For a given survey, we have 

Mmax = miim - M, (14) 

where miim is the limiting magnitude of the survey and 
M is that absolute magnitude of a SN lax. For this study, 
we will focus on i?iax — lOOrjax, the number of SNe lax 
expected for every 100 SNe la in a given volume. 

For our calculation, we will focus on SNe discovered 
with nearby surveys. We therefore exclude from our anal- 
ysis SNe 2007ie, 2007qd, and 2009ku, which were discov- 
ered (exclusively) by the SDSS-II SN Survey and PSl. 
For nearby surveys, the typical limit is miim ~ 18.5 mag. 
Nearby surveys have varying cadences, but are typically 
5-15 days, and are usually conducted in a band similar 
to R. We therefore define 



M = M. 



i?,pcak 



A 



BMW 



Ami5(i?). 



(15) 



We adjust the peak absolute magnitude by Amis to 
guarantee that the SN will be detected in at least two 
images. We also correct for Milky Way extinction since 
dust obscuration will affect a survey's ability to discover 
SNe. 
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Although we do not know the SN lax luminosity func- 
tion, we have measured the peak absolute magnitude and 
decline rate for several members. From these measure- 
ments, we determined a set of /imax, which are the max- 
imum distance moduli at which we would detect each of 
those SNe. 

The least luminous SN in the class is SN 2008ha, which 
is at = 31.65 mag. The nominal scheme outlined above 
yields finm = 31.60 mag for SN 2008ha. Having < 
fi is likely the result of faster cadences for very nearby 
galaxies; thus we choose /ium — 31.65 mag for SN 2008ha. 
If there are no SNe significantly fainter than SN 2008ha, 
we expect the sample within this volume to be reasonably 
complete, resulting in a relatively unbiased first look at 
the relative rate. 

In the 10 years following the discovery of SN 2002cx, 
there have been 22 normal SNe la and 4 SNe lax 
(SNe 2008ge, 2008ha, 2010ae, and 2010el) discovered 
withi n Atiim = 31.65 m ag (from the Asiago SN cata- 
log; iBarbon et al.l [19891 ) . Unless there are significantly 
more SNe lax with luminosities less than SN 2008ha, 
this sample should be relatively complete for monitored 
galaxies (with the exception of misclassification, cadence, 
seasons, and weather). Using Poisson statistics within 
this volume, the uncorrected (Ciax = 1) relative rate 
is = IStg^. SNe 2010ae and 2010el have peak 

luminosities similar to that of SN 2008ha (Stritzinger 
et al., in preparation; Valenti et al., in preparation), 
while SN 2008Ke is much more luminous than SN 2008ha 
(|Folev et al.l[20T(B . If SNe 2008ha, 2010ae, or 2010el 
had exploded when they were in close proximity to the 
Sun, we would not have detected the SNe, while any 
SN la within that distance could have been discovered 
more than six months after explosion. Because of that 
and other factors (host-galaxy dust reddening, weather, 
etc.), we perform the same analysis, but with Ciax = 2 
for SNe 2008ha, 2010ae, and 2010el, and Ciax = 1 for 
SN 2008ge. This then gives a corrected relative rate of 
-Rlax = 30t^5. 

We can also place a relatively robust lower limit on the 
relative rate using all 19 members found by nearby sur- 
veys since the discovery of SN 2002cx. Of the members 
of the class with good i?-band light curves, SN 2008 A 
is the most luminous. Within the volume defined by 
its /.tiim, there have been 573 spectroscopically normal 
SNe la as derived from the Asiago catalog with dis- 
tances cross-matched to NED. Within this volume, all 
SNe la (with the exception of those with extreme dust 
extinction) should be detectable for seve ral mon t hs. We 
exclude the pecuhar SNe 2006bt (Fol ey et all l2010bD 
and 2009dc (e.g., [Y amanakaelalJ l200'9t iTanaka et alj 
[Mot ISifyCTman et al..,2011bir as well as SNe with red- 
shifts only derived from SN features (since these SNe 
could be potential SNe lax). Without any corrections 
for luminosity or effects related to the surveys, we find 
^lax = 3.3^0 7. This method is similar to what was 
done bv iLi et "all ()201lD . where only the most luminous 
SNe lax were included in the rate calculation. Unsur- 
prisin gly, our derived fraction is similar to the fraction 
from Li et al.l (I20TTI ). 

We now perform a more thorough treatment with the 
19 members found by nearby surveys since the discovery 
of SN 2002cx, including SN 2002cx. For this, we assume 



a luminosity function that has equal probability of a SN 
having the luminosity of any of the 6 SNe with measured 
-^^_R,poak and another, SN 2009J, which has a first mea- 
surement that appears to be at peak. Our sample, which 
is composed of SNe discovered by magnitude- limited sur- 
veys, almost certainly underrepresents the fraction of 
low-luminosity SNe lax, which should result in an un- 
derestimated relative rate. 

The fiat luminosity function produces 7 nested vol- 
umes. If a member lies within the first volume (de- 
fined by SN 2008ha), it could have a luminosity simi- 
lar to any of the SNe defining the luminosity function. 
We therefore assign it a fractional membership to each 
volume (in this case, l/7th of a SN per volume). For 
each SN without a well-defined peak magnitude, we at- 
tempt to determine limits on its absolute magnitude from 
photometry reported in the literature and its distance 
modulus. We use this information to place further con- 
straints on the fraction of SNe in each volume. For 
example, SN 2008ge, which was discovered within the 
volume defined by SN 2008ha, is much more luminous 
(My^poak = -17.60 mag) than SN 2008ha. It there- 
fore does not contribute to the rate of "SN 2008ha-like" 
SNe. SNe 2010ae and 2010el have My^p^ak « -15.0 
and —14.7 mag, respectively (Stritzinger et al., in prep.; 
Valenti et al., in prep.). These magnitudes were esti- 
mated from B and r light curves and converted using the 
relations outlined in Section However, these relations 
may not adequately describe SNe similar to SN 2008ha. 
For instance, from the B-band light curve, SN 2010ae 
has A/s poak ~ —13.9 mag, only 0.2 mag brighter than 
SN 2008ha, but after converting the estimated My peak 
for SN 2010ae is 0.8 mag brighter than SN 2008ha.' Be- 
cause of the potential errors in the peak-magnitude es- 
timates along with uncertainties in reddening and dis- 
tance moduli, we include SNe 2010ae and 2010el as hav- 
ing equal chance of being in the first two volumes. 

For the reasons listed above as well as possible misclas- 
sifications for fainter SNe, we assume Ciax = 2. However, 
if Ciax — 2 for the three closest volumes and Ciax = 1 for 
the rest or if Ciax = 1-5 for all volumes, the relative rate 
decreases by 13% and 8%, respectively. The corrected 
relative rate (with Ciax = 2) is i?iax = ^llj^g; however, 
as seen in Figure [35l the probability distribution function 
is slightly skewed with there being 3% and 14% chances 
that the relative rate is i?iax < 10 and i?iax > 50, respec- 
tively. 

Our final, best relative rate of i?iax = 3ll^3 is very 
similar to what was found using only the most nearby 
SNe: i?iax = 301^5. This agreement provides an ad- 
ditional level of confidence for our values. Both values 
are m argin ally consistent w ith the combined iFolev et al.l 
(|2009f) and ILi et all (|2011f) rates of i?iax « 17. 

We can now estimate the amount of Fe generated by 
SN lax explosions relative to that of SNe la. Our es- 
timate relies on the assumption that the luminosity of 
SNe lax are powered primarily by ^^Ni and its radioac- 
tive products; if they are powered by other radioactive 
elements, the scalings assumed here would not apply. 
The other assumption is that the ratio of ^^Ni to stable 
^^Fe is the same (on average) for SNe la and SNe lax. 
For our est i mate, we use the ^^Ni masses estimated by 
IFolev et al.l ((20091) for SN 2008ha ((3.0±0.9) x lO^^ Mq) 
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Fig. 35. — Probability density function for the SN lax rate rela- 
tive to the SN la rate. 



and lPhiUips etall (12001 for SN 2005hk (0.2±0.05 Mq). 
Since SN 2005hk has well-sampled UV through NIR light 
curves, its ^^Ni mass is relatively robust. We then esti- 
mate the ^^Ni mass for all other SNe in our luminosity- 
function sample by scaling the ^®Ni mass of SN 2005hk 
by the ratio of their peak i?-band luminosity. These esti- 
mates will be somewhat incorrect (by a factor of at most 
2) if the rise times of those SNe differ significantly from 
that of SN 2005hk or if they have significantly different 
colors. For our sample, the ^^Ni mass ranges from 0.003 
to 0.27 Mq. 

To deter mine the amount o f ^^Ni produced by SNe la, 
we use the iStritzinger et al.l ()2006[ ) sample of SNe la. 
This sample, which may be biased slightly, consists pri- 
marily of nearby SNe, and therefore should be sim- 
ilar to a volume-limited sample. Fr om this sample , 
we exclude th e peculiar SN 2000cx ()Li et al.l [2001al ). 
ILi et all ((20T1I) found that 74.0%, 10.0%, and 16.1% of 
SNe la in a volume-limited sample are "normal", sim- 
ilar to SN 1991T, and similar to SN 1991bg, respec- 
tively. The IStritzinger et al.l ()2006[ ) sample has similar 
percentages of 67%, 20%, and 13%, respectively, but 
slightly over-represents and under-represents SNe simi- 
lar to SNe 1991T ar id 1991bg, respec t ively 

The SNe la in the IStritzinger et all ()2006[) sample pro- 
duce on average, 0.24 ± 0.02 Mq of ^^^Ni. The median 
^^Ni in the sample is 0.66 ± 0.18 Mq. When compar- 
ing the SN lax sample to SNe la, we must assume that 
the ratio of ^^Ni generated in the explosion to the total 
amount of Fe produced (both stable Fe in the explosion 
and that which decays from ^^Ni) is the same for both 
classes. However, there is evidence from the late-time 
spectra that this is not the case (Section [5^. 

Using the rate calculation performed above and the 
average ^^Ni value for SNe la, but weighting each lu- 
minosity bin and the SN la population by the appro- 
priate ^^Ni mass, we determine that SNe lax produce 
0.0521^ °}^ Mq of Fe for every Mq of Fe produced by 
SNe la. Using the median ^^Ni value for SNe la, we find 
that SNe lax produce 0.0191!^;55to Mq of Fe for every Mq 
of Fe produced by SNe la. The values based on the differ- 



ent assumptions about the SN la ^^Ni production differ 
by <2 cr. 

Because of the low ^'^Ni yield of SN 2008ha-like objects, 
this estimate is relatively unaffected by their inclusion in 
the rate calculation. Of course, the estimate of relative 
Fe production is fairly uncertain. Besides the caveats re- 
lated to the rates above and the normalization of ^^Ni 
mass, there is also the possibility that SNe lax produce 
significantly less stable Fe for the amount of ^^Ni pro- 
duced (see Section EH). More importantly, we only esti- 
mate the Fe production for z = 0. The SN la rate rises 
with redshift to at least z k. \ (iGraur "ei~aI1l20Tl[) . but 
since SNe lax are associated with star-forming galaxies, 
one would expect the ratio of SNe lax to SNe la (al- 
though perhaps not the Fe generation) to increase with 
redshift. However, we estimate that at 2; = 0, SNe la pro- 
duce about 0.036 Mq of Fe for every Mq of Fe produced 
by SNe la. 

7. IMPLICATIONS FOR THE PROGENITOR SYSTEM 

In the preceding sections, we have identified a number 
of observational characteristics for the SN lax class. Here 
we summarize these observations and explore their im- 
plications for a progenitor system. Specifically, we have 
noted the following. 

1. SNe lax have spectral and photometric properties 
that are similar to those of SNe la, but are distinct 
in several ways. 

2. The class has a continuum in both luminosity and 
ejecta velocity. SN 2008ha, although on the ex- 
treme end of the spectrum for both quantities, is 
an extension of this continuum and not an outlier. 

3. There is a large range of peak luminosity (—14.2 > 
Mv,peak ^ —18.4 mag) and velocity at maximum 
brightness (2000 < \v\ < 8000 kms'^). These 
ranges indicate a large range in explosion energies, 
ejecta masses, and ^ Ni masses. 

4. SN lax light-curve shape and luminosity are corre- 
lated (a width- luminosity relation, or WLR), simi- 
lar to that of SNe la, but with larger scatter. 

5. The color curves of SNe lax are similar in shape, 
but a simple reddening correction cannot reduce 
the scatter in all colors at once. This indicates a 
more complicated spectral energy distribution at 
intermediate phases for SNe lax than for SNe la. 
The lack of host-galaxy reddening corrections prob- 
ably contributes to some of the additional scatter 
in the WLR. 

6. There is a slight correlation between peak luminos- 
ity and ejecta velocity. 

7. Using basic assumptions, we estimate a wide range 
of ejecta masses for SNe lax (from ~0.2 to possibly 
~1.4 Mq), but most SNe lax have ~0.5 Mq of 
ejecta. 

8. All SNe lax with maximum- light spectra, including 
SN 2008ha, show clear signs of C/0 burning in 
their maximum-light spectra. 
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9. There is significant mixing of tlie ejecta witli botli 
IMEs and Fe-group elements in all layers. 

10. There are two SNe lax that show helium lines in 
their spectra. Because of radiative-transfer effects, 
viewing-angle dependencies, and other effects, per- 
haps all SNe lax have significant amounts of he- 
lium in their ejecta. Since helium should not be 
synthesized in the explosion, there must be helium 
somewhere in the progenitor systems of these two 
events. 

11. Every SN lax with a premaximum spectrum has 
some indication of carbon in the spectrum, with 
82% having clear absorption. SNe la, on the other 
hand, show carbon in only 30% of SNe la with 
premaximum spectra. By mass fraction, SNe lax 
should have significantly more carbon than SNe la. 

12. Late-time spectra of SNe lax are very different from 
those of SNe la, with no truly nebular spectrum of 
a SN lax yet being observed. 

13. In detail, the late-time spectra of SNe lax differ 
significantly from object to object. Specifically, the 
strengths of various forbidden lines and the veloci- 
ties of both the permitted and forbidden lines vary 
significantly between different SNe. 

14. Unlike SNe 2002 CX and 2005hk (jJha et al.l [200l 
ISahu et all l2008[ ). not all SNe lax have exclu- 
sively low-velocity features in their late-time spec- 
tra. Some have [Fe II] FWHMs of -3000 kms"^ 

15. All SNe lax for which we have late-time spectra 
have calcium interior to iron. This is the opposite 
of what is seen in SNe la. 

16. In the late-time spectra, the [Ni II] A7378 feature 
is typically stronger than the [Fe II] A7155 feature. 
This indicates that SNe lax either produce much 
more stable Ni or much less stable Fe than SNe la. 
This is a pred iction of a low-energ y, low-density 
explosion (e.g.. iTravaglio et"al1l2004| ). 

17. The large- velocity line shifts of forbidden nebular 
lines suggest that the explosion was asymmetric. 

18. The late-time spectra can be divided into distinct 
groups having lower and higher velocities. The 
lower-velocity group tends to have blueshifted Ca 
and redshifted Fe, as determined by velocity shifts 
in forbidden lines, along our line of site. The op- 
posite is true for the higher-velocity group. There 
is no evidence for a correlation between the line 
shifts (or equivalently velocities at late times) and 
maximum-light observables. 

19. Because of their large range in luminosity, SNe lax 
have been undercounted in previous rate estimates. 
Through a basic analysis, we find that in a given 
volume, for every 100 SNe la there should be 3ll}3 
SNe lax, although even this number is likely a low 
estimate. 
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20. Although SNe lax are relatively numerous, a 
large fraction of the population consists of low- 
luminosity events which likely produce little Fe. 
We estimate that SNe lax produce '^0.036 Mq of 
Fe for every Mq of Fe produced by SNe la. 

In addition to these findings, others have noted the 
following. 

21. A lack of a second maximum in the NIR (|Li et al.l 
12003). 

22. A host-galaxy morphology d istribution highly 
skewed to late-ty pe galaxies (jFolev et al.l 120091 : 
iValenti et al.ll2009t ). 

23. SN 2005hk had very low polarization near maxi- 
mum b rightness, indicating nearly spherical out er 
ejecta (jChornock et al.ll2006l: iMaund et al.ll2010D . 

24. A lack of X-ray detections with 5 SNe la hav- 
ing 3(7 luminosity limits below 9 x 10'^^ erg s~^ 
and 3 (SNe 2008 ge, 2008ha, and 2010ae ) below 
2.7 X 10^9 erg s'^ (jRussell fc ImmleHl2012D . These 
limits are below most, but not all, detections and 
limits for stripped-envelope core-collapse SNe at 
early times (Perna et al. 2Q08|) . 

25. The host galaxy of SN 2008ge is an SO galaxy with 
no signs of star formation to deep limits. Addition- 
ally, pre-explosion HST images indicate that there 
are no massive stars at or near the SN site to deep 
limits. 

It is remarkable that a long list of common properties 
applies to a large sample given the small number of ob- 
servational criteria used to define the class. This is a 
clear indication that the SNe classified as Type lax are 
physically similar, representing a physical class and not 
simply an observational class. 

The above list of properties for SNe lax provides robust 
tests for progenitor/explosion models. Below we exam- 
ine the various properties to constrain the set of possible 
scenarios. During this analysis, we assume that all mem- 
bers identified as SNe lax share a common progenitor 
system and explosion mechanism, although the details 
of that explosion may vary. However, it is possible that 
we have incorrectly grouped physically distinct SNe into 
this single class. There may also be multiple progenitor 
paths to create a SN lax. Because of the relatively small 
data, we do not attempt to further subdivide the class. 

First, there are many reasons to believe that the pro- 
genitor star was a WD. The progenitor of SN 2008ge was 
most likely a WD with no indication of massive stars near 
the SN site and strict limits on star formation in its host 
galaxy. More broadly, the estimated ejecta masses are 
all equal to or below a Chandrasekhar mass. If the pro- 
genitors were massive stars, then one would expect that 
at least occasionally this limit would be exceeded. Ad- 
ditionally, SNe lax over the full luminosity range shows 
clear signs of C/0 burning, which is not expected in a 
core-collapse SN. 

However, complete thermonuclear burning of a WD 
cannot reproduce the velocities observed and ejecta 
masses inferred. Roughly, a 0.5 Mq WD will be 
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completely unbound and have ejecta velocities >2000 
(6000) kms"^ for pure helium to nickel or pure car- 
bon to nickel burning efficiencies of >4% and 7% (15% 
and 24%), respectively. That is, if 10% of the carbon 
in a 0.5 Mq WD is burned to ^^Ni, then the star will 
be unbound and the ejecta velocity will be larger than 
6000 kms~^. This implies incredibly inefficient burn- 
ing, either by traditional burning of a small percentage 
of the WD mass or by a more exotic, less efficient nuclear 
burning through the entire star. 

Furthermore, SNe 2004cs and 2007J have helium in 
their spectra, and therefore there must be helium in the 
progenitor system. There is no hydrogen in any spec- 
tra, suggesting that hydrogen is most likely absent in 
the progenitor system. This indicates that either a He 
WD or a nondegenerate He star is in the system. The 
ejecta mass from a He WD explosion should not exceed 
~0.4 Mq, making it an unlikely progenitor star. It is 
possible that a He WD could be the binary companion 
of the primary star, but then one would expect there to 
be many SNe lax in early-type host galaxies. Having any 
He WD in the progenitor system is unlikely, and instead, 
a He-burning-star companion to a C/0 WD is the most 
li kely progenitor system . 

iTutukov fc YungelsonI ()1996( ) predicted that C/O-He- 
burning-star progenitor systems could have a rate sim- 
ilar to the Galactic SN la rate, but would not explain 
the SNe la in older stellar populations. Performin g a de - 
tailed population-synthesis analysis. iRuiter et al.l ( 2011[ ) 
found that 13% of sub-Chandrasekhar mass thermonu- 
clear SNe could come from a C/0 WD-He star channel. 
Assuming that this channel produces SNe lax and other 
channels produce SNe la, the population-synthesis rate 
is roughly consistent with our measured rate. This chan- 
nel has a relatively short delay time of ^500 Myr, which 
should restrict the host-galaxy population to mostly spi- 
ral galaxies, but could include some SNe in SO galaxies 
(like SN 2008ge). 

A single system has been identified as a C/0 WD 
with a He-burning-star companion for which mass trans- 
fer will begin before the end of the H e-burning phase 
(|Geier et all l2012t iVennes et all 1201 2[ ). This system 
should be able to transfer mass for ~50 Myr at a rate of 
~1O~®M0 year~^ for a potential total mass of ~0.05 Mq 
of material. 

At certain accretion rates. He mass transfer to a C/0 
WD can occur without periodic He has hes, resulting in a 
mass i ve He shell. In this scenario (e.g., Ilben fc Tutukovl 
[TOQlt ITutukov fc YungelsonI [l996l ). after the WD ac- 
quires a significant He layer, the He layer can deto- 
nate, possibly ca using a thermonuclear explosion within 
the C/0 laver (iLivnd 1990; Woosley & Weaver 1991 
iLivne fc Arnettill995[ ): this is sometimes called an "edge- 
lit" explosion. 

For C/0 WDs with large He layers, most theoreti- 
cal studies have focused on "double-det onation" mod- 
els where the H e layer detonates (e.g ., INomotol 119821 : 
iSim et all 120121: iTownslev et"all 120121) . which in turn 
causes a detonation with the C/0 lay er (e.g., INomotol 
[l98l:lFink eFaHIMot ISim et aLllml) . Although there 
is still some discussion about the details of these explo- 
sions, the consensus is that it is difficult to reproduce the 
full diversity of SNe lax with this mechanism. 



In addition to "double-detonation" models, it is pos- 
sible to detonate the He layer without c ausing the rest 
of the star to explode. This ".la" model (|Bildsten et al.l 
[2007; Shcn et al. 201 3) shar es m any characteristi c s with 
SNe lax. iShen et alTlMol) and IWaldman etHI (|20TTI) 
examine the details of this model for high-mass and low- 
mass C/0 cores, respectively. These models roughly 
match the characteristics and the diversity of SNe lax, 
but it is unclear if they reproduce the explosions in de- 
tail. In particular, it is difficult to produce IMEs in these 
explosions, particularly for those on top of a high-mass 
core. These explosions also have low luminosity, so it 
appears difficult to reproduc e SN 2002cx and rn ore lumi- 
nous SNe using this model. iFolev et al.l (|2009D examine 
how these models match observations in detail. 

The single C/0 WD/He-burning-star system should 
produce a heli um layer that i s ~ .05 AIq to per- 
haps 0.3 Mq ()Iben fc Tutukovl I1991D . Ahhough this 
mass may not be enough to account for all of the 
ejecta in SNe lax, it should be massive enough to det- 
onate, perhaps triggering a double-detonati on on a sub- 
Chandrasekhar mass SN (|Fink et al.ll2010D . ISim et al.l 
(2012) examined double-detonation models for relatively 
low-mass sub-Chandrasekhar C/0 WDs with ^0.2 Mq 
He shells. The resulting observables were somewhat con- 
sistent with some SNe lax (Amis ~ 2 mag, ijisc ~ 
1 days, low lumino sit y, low velocity). 

iWooslev fc Kasenl (|2011[ ) explored possible sub- 
Chandrasekhar-mass explosion models, some of which 
had a He-layer detonation or defiagration. The mod- 
els, which only burned th e He layer, and are s omewhat 
similar to the .la model of lBildsten et al.l ( )2007[) . roughly 
match the observables of SNe lax. However, these mod- 
els should be exclusively low luminosity, low ejecta mass, 
and contain a significant amount of unburned He. These 
models have difficulty reproducing all of the character- 
istics of all SNe lax and the full ranges of those charac- 
teristics, particularly the luminosity range. Because of 
non-thermal effects that are not fully modeled in the ra- 
diative transfer, it is unclear if He lines should be strong 
in the spectra of these events. 

A promising model for SNe lax is a failed deflagration 
of a C/0 WD. In this model, a burning flame within the 
WD rises to the surface, expelling ~0.2-0.4 Mq of mate- 
rial, some of which is the ash from the burning. In this 
model, the full WD is not consumed by the nuclear burn- 
ing, and the entir e star is not disrupted. This model was 
flrst proposed by iFoley et aD (|2009t ) as a possible expla- 
nation for SNe lax. Model luminosity, eje cta mass, and 
veloc i ty are all consisten t with SNe lax ([Jordan et al.l 
I2012t iKromer et aIll2012D . It is unclear if this scenario 
requires a thick He shell or if the He shell potentially 
changes the explosion properties, but it is possible that 
a He-shell explosion could trigger a failed deflagration 
within the C/0 core. Stable helium accretion occurs at 
a higher rate than stable hydrogen accretion, and thus 
the WD density and temperature structure are different 
for the two scenarios. These differences may be impor- 
tant in understanding the nature of SN lax explosions. 
Alternatively, since a He layer appears to be important 
in creating SNe lax, one might assume that an initial He- 
layer explosion is necessary to produce SNe lax. Detailed 
modeling of nucleosynthetic products and the resulting 
light curves and spectra are still required, but one ex- 
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pects products similar to those of a normal SN la with 
perhaps additional unburned material. This model con- 
tinues to be the most promising yet proposed. 

Assuming that all SNe lax come from the same progen- 
itor system and have the same explosion mechanism, the 
most promising model for SNe lax is the deflagration of 
a C/0 WD, either triggered by an explosion in an outer 
He layer or under conditions only met when stable He 
accretion occurs. The C/0 WD would have a He-star 
binary companio n. A s cenario very similar to this was 
first proposed bv llben fc Tutukov (f99f). At least some 
of the time, and perhaps in all cases, the deflagration 
fails to unbind the WD, leaving a stellar remnant that 
may be observationally distinct from most WDs. Specif- 
ically, given the large velocity shifts for nebular lines in 
the late-time spectra of SNe lax, one might expect a large 
kick for the remnant. Similarly, the energy injection and 
chemical enrichment r nay produce a puffed- up WD with 
pecul iar abundances pordan et al.l 120121 : iKromer et al.l 
I2OI2I) . This remnant may have particular observational 
si gnatures. 

iPerets et all (|2010f ) and lSullivan et al.l (|2011| ) both sug- 
gested similar explosion mechanisms, particularly He 
detonations on C/0 WDs, for SN 2005E and PTF 09dav, 
respectively. These SNe share many characteristics with 
SNe lax, including luminosity, velocity, and ejecta mass. 
However, both SN 2005E and PTF OQdav appear to come 
from old stellar populations (alth ough PTF OQdav ha d 
hydrogen in its late-time spectrum: 'Kasli wal et al.ll2012j ). 
In particular, the host-galaxy morphology distribution of 
SNe simil ar to SN 2005E is highly skewed to early-type 
galaxies (jPerets et al.ll2010l ). the opposite of SNe lax. 
SN 2005E and similar objects all show relatively strong 
He at early times, again indicating He in the progeni- 
tor system. Perhaps SNe lax are created in the above 
scenario and SN 2005E was produced in a very similar 
scenario, except with a He WD companion instead of a 
nondegenerate He star. This difference would account 
for the difference in stellar populations, and the accre- 
tion of degenerate and nondegenerate He could change 
the stable accretion rates and/or nucleosynthesis enough 
to create noticeably different events. 

8. CONCLUSIONS 

We have described in detail the observational proper- 
ties of the Type lax class of SNe. A SN is a member of 
this class if it has four observational properties, three of 
which can be determined from a single maximum-light 
spectrum: (1) no evidence of hydrogen in any spectrum, 
(2) relatively low ejecta velocity near maximum bright- 
ness < 8000 kms~^), (3) an absolute magnitude that 
is low relative to a SN la with the same light-curve shape, 
and (4) spectra that are similar to SN 2002cx at similar 
epochs. Using these criteria, we have identified 25 mem- 
bers of this class. We presented optical photometry and 
spectroscopy for various members of this class. 

SNe lax represent a distinct stellar endpoint from 
SNe la and other common SNe. The class has a 
large range of luminosities, ejecta velocities, and inferred 
ejecta masses. Although there are clear signs of C/0 
burning in their ejecta, some SNe lax also have He I lines 
in their spectra. As a possible progenitor system, a C/0 
WD that accretes from a nondegenerate He star and un- 
dergoes a (sometimes partial) deflagration matches the 



SN observables. The lifetimes of such systems are con- 
sistent with the SN lax host-galaxy morphology distri- 
bution. Similarly, the rates of explosions from these sys- 
tems roughly match the measured rates of 31 SNe lax 
for every 100 SNe la. This is perhaps a simplified view 
of the real physical picture, and future observations will 
test this model. 

Additional studies of the details of the properties of 
SNe lax should improve our knowledge of both this class 
of SN as well as providing insight into normal SNe la. For 
instance, if C/0 WD- He-star systems exclusively pro- 
duce SNe lax, then we can rule out these systems as 
normal SN la progenitors. 

SNe lax are relatively common (about a third as com- 
mon as SNe la at z = 0), and deep transient surveys 
of the local universe should discover a significant num- 
ber. LSST is expected to discover '^10^ SNc over its life- 
time. Even taking the conservative, magnitude-limited 
rate for SNe lax, LSST should discover more than 10* 
SNe lax, similar to the number of SNe la discovered to 
this day. Additionally, because of their frequency, we 
will continue to discover many in the very local universe 
{D < 20 Mpc), allowing detailed studies of individual ob- 
jects and their stellar environments. The combination of 
thorough studies of local events and an upcoming large 
sample will undoubtedly improve our understanding of 
this recently discovered class of stellar explosion. 

Facilities: du Pont(Tek5), ES0:3.6m(EF0SC), 
FLW0:1.5m(FAST), Keck:I(LRIS), KAIT, Shane(Kast), 
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NTT(EMMI), PROMPT, Swope(SITe3) 
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